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1Space Science Center, University of New Hampshire, Durham, New Hampshire, USA, 2Los Alamos National Laboratory, Los Alamos,
New Mexico, USA, 3Department of Physics and Astronomy, University of lowa, lowa City, lowa, USA, 4Physics and Astronomy
Department, University of Texas at San Antonio, San Antonio, Texas, USA, 5Space Science and Engineering Division, Southwest
Research Institute, San Antonio, Texas, USA

Abstract we report the wave observations, associated plasma measurements, and linear theory testing of
electromagnetic ion cyclotron (EMIC) wave events observed by the Van Allen Probes on 28 April 2013. The
wave events are detected in their generation regions as three individual events in two consecutive orbits of
Van Allen Probe-A, while the other spacecraft, B, does not detect any significant EMIC wave activity during
this period. Three overlapping H populations are observed around the plasmapause when the waves are
excited. The difference between the observational EMIC wave growth parameter (2,) and the theoretical
EMIC instability parameter (Sp,) is significantly raised, on average, to 0.10+£0.01, 0.15+ 0.02, and 0.07 £ 0.02
during the three wave events, respectively. On Van Allen Probe-B, this difference never exceeds 0. Compared
to linear theory (X, > Sp), the waves are only excited for elevated thresholds.

1. Introduction

Electromagnetic ion cyclotron (EMIC) waves play an important role in the overall dynamics of the Earth’s
magnetosphere, contributing to the energization and loss of magnetospheric particles. EMIC waves are
typically excited by an anisotropic (T.L > T;)) distribution of energetic (~10-100 keV) H* [e.g, Kennel and
Petschek, 1966; Anderson et al., 1996]. The hot H* distribution, with a temperature anisotropy sufficiently high
to satisfy the EMIC instability, is called the wave free-energy provider [e.g., Cornwall, 1965; Rauch and Roux,
1982]. Besides contributing to the increase of the EMIC wave growth rate, energetic H" are able to greatly
modify the real part of the wave dispersion relation, dramatically changing the wave generation [e.g., Arnoldy
et al., 2005; Engebretson et al., 2007; Gamayunov and Khazanov, 2008].

Under a dipole-like magnetic field configuration in the inner magnetosphere, the excitation region of EMIC
waves is usually near the geomagnetic equator [e.g., Fraser and Nguyen, 2001], where the larger total plasma
density and lower magnetic field strength (|B|) increase the wave growth rate [Kennel and Petschek, 1966].
EMIC waves are preferentially generated in regions where hot anisotropic H* and cold dense ion populations
spatially overlap [e.g., Jordanova et al., 2001; Pickett et al., 2010; Zhang et al., 2011]. In the terrestrial
magnetosphere, these ion populations can commonly be found where the ring current overlaps the
plasmasphere or plasmaspheric plumes [Gurgiolo et al., 2005; Thorne, 2010].

In this study, we report EMIC wave events and associated local plasma conditions observed by the Van Allen
Probes on 28 April 2013. The two-point and frequent in situ wave and plasma measurements in almost the
same region provide unprecedented insight into the excitation of EMIC waves. After instrumentation in the
next section, we present wave and plasma observations for the events and comparison with linear theory.

2. Instrumentation

The Van Allen Probes mission, formerly known as the Radiation Belt Storm Probes (RBSP) mission [Kessel et al.,
2013; Mauk et al., 2013], consists of two spacecraft in nearly identical highly elliptical, low-inclination (~10°)
orbits with a perigee of 1.1 Earth radii (Rg), an apogee of 5.8 R¢, and a period of ~9 h. The perigee-apogee line,
i.e, the line of apsides, precesses in local time at a rate of ~210°/yr. The precise orbits of the two probes are
slightly different, and one probe laps the other every ~2.5 months. As a result, the interspacecraft distance
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Figure 1. EMIC wave activity detected by EMFISIS on Van Allen Probe-A during (a and b) 1050-1150 UT on 28 April 2013
and during the corresponding time period on the next orbit, i.e., (c and d) 1948:42-2048:42 UT on 28 April 2013.

Figures 1a and 1c (Figures 1b and 1d) show frequency-UT spectrograms of wave power (wave normal angle). Three pairs of
the vertical dotted lines indicate the start and end times of the three wave events. The dashed black trace in each panel
represents local He™ gyrofrequencies (fye+)-

periodically varies between ~0.1 and ~5 Rg, and resampling times for a specific region of the magnetosphere
vary anywhere from minutes to 4.5 h. A comprehensive suite of instruments, identical on the two Van Allen
Probes (designated as A and B), measures a variety of parameters in particles (electrons, ions, and ion
composition), magnetic field (B), electric field (E), and waves (3E and 8B).

High temporal resolution (64 vectors/s) magnetic field measurements are obtained from the magnetometer
instrument in the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al.,
2013] on board the Van Allen Probes, and the wave frequency spectra of the measurements are derived using the
fast Fourier transform (FFT) technique (see section 3.1). The EMFISIS magnetometer measures DC magnetic fields,
and the Waves instrument collects an extensive set of wave electric and magnetic field measurements with
frequencies from 10 Hz to 12 kHz, and up to 400 kHz for single-axis electric field. Each EMFISIS instrument consists
of a triaxial fluxgate magnetometer (MAG) and a triaxial magnetic search coil magnetometer. Wave electric fields
are obtained using the triaxial electric field booms from the Electric Fields and Waves instrument.

Plasma data during the EMIC wave events are obtained from the Helium, Oxygen, Proton, and Electron (HOPE) mass
spectrometer [Funsten et al,, 2013], part of the Radiation Belt Storm Probes-Energetic Particle Composition and
Thermal Plasma (RBSP-ECT) instrument suite [Spence et al,, 2013]. Using an electrostatic top-hat analyzer and time-of-
flight technology, the HOPE mass spectrometer measures electron and ion flux distributions over 4x sr every
spacecraft spin in the energy range of ~1eV-52 keV and distinguishes the three major ion species: H*, He*, and O*.

3. EMIC Waves on 28 April 2013
3.1. Wave Observations

Right after the recovery phase of a weak geomagnetic storm (minimum Dst=—49 nT at 2100 UT, 24 April
2013), three distinct EMIC wave events were detected by the EMFISIS magnetometer instrument on Van Allen
Probe-A on 28 April 2013. Figure 1 shows the wave power and wave normal angle spectra from the FFT
analysis of the EMFISIS magnetic field measurements, using 1024 time points and a step length of 128 points.
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Figure 2. Position comparison of the Van Allen Probes A and B in L, MLT, and MLAT. The red lines are for those of A between
1050 and 1150 UT on 28 April 2013, magenta for A on the next orbit but shifted backward in UT by 8.98 h, and blue for B but
shifted backward in UT by 4.25 h. The periods corresponding to the observation of the three wave events shown in Figure 1
are marked with the bold solid lines. The horizontal dashed black line in the last panel represents 0° magnetic latitude.

Data for wave powers less than 0.05 nT?/Hz are removed from the plot. The observations from the same arc
segments of two consecutive orbits are shown, with the first orbit in Figures 1a and 1b and the second orbit in
Figures 1c and 1d. The difference of their plotted start time is determined by the time difference in the two
consecutive perigees, i.e, 8 h 58 m 42 s. As indicated with the vertical dotted lines in Figure 1, the intervals of
substantial wave activity are labeled Wave #1, #2, and #3, which start at 1101:56, 1118:54, and 2028:48 UT and last
for8m 365, 13m 305, and 7 m 25 5, respectively. The local He* gyrofrequencies (fie.. = gB/mye,) are represented
by the dashed black trace in each panel. The gyrofrequencies f. and fo,, which are four times higher and lower
than f,e,, respectively, lie outside of the plotted frequency range, i.e,, 0.2-1.1 Hz, and are thus not shown.

In addition to differences in wave amplitude, the three wave events demonstrate differences in wave frequencies.
Wave #1 is always above fiie,. Thus, it is in the H* band. Wave #2 includes both the H" and He™ bands, but Wave #3
is only in the He* band. Note that the broadband wave activity before Wave #3 is due to non-EMIC geomagnetic
pulsations [Anderson, 1993]. The wave normal angle of all the three wave events is predominantly small. Their
ellipticity (not shown) is normally negative, indicating a left-handed wave polarization.

While Van Allen Probe-A clearly observed the three wave events, B, trailing A by 4.25 h, did not detect any
significant EMIC wave activity (=0.05 nT>/Hz) in almost the same region. Figure 2 shows the relative positions
of the spacecraft in L, magnetic local time (MLT), and magnetic latitude (MLAT) for 1 h. The L value (=L_TS04)
is computed with the Tsyganenko and Sitnov empirical magnetic field model (TS04) [Tsyganenko and Sitnov,
2005]. The three intervals of significant EMIC wave activity are indicated with the bold, solid lines. For the
purpose of comparison, the universal time (UT) of A during the orbit of the observation of Wave #3 and the
immediately preceding orbit of B are shifted backward in UT by the orbital period (8.98 h for A) and the
difference in perigee time between A and B (4.25 h for B), respectively. Thus, Figure 2 shows three
overlapping orbital tracks: two for the sequential orbits of A and one for B.

The red and magenta lines in Figure 2, comparing the two consecutive orbits of A, show that their L values are
almost identical, MLT has a difference of ~0.4 (due to the MLT precession of the spacecraft), and MLAT differs
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Figure 3. HOPE H* flux spectrograms and EMFISIS electron density (n,)
on the Van Allen Probe-A (a-c) during 0810-1310 UT on 28 April 2013

and during the corresponding time period on the next orbit, i.e., (d—f)

1708:42-2208:42 UT on 28 April 2013. Figures 3a and 3d (Figures 3b and
3e) show energy-UT (>1keVH" pitch angle- or PA-UT) spectrograms.
Three pairs of the vertical dotted lines indicate the start and end time of
the three wave events, respectively. In Figures 3b and 3e, the horizontal
dashed lines mark 90° pitch angle. Listed below Figures 3c and 3f are
L (= L_TS04), magnetic local time (MLT, hours), magnetic latitude (MLAT,
degrees), and universal time (UT, hours).

from each other in the range of 1.3°-2.0°
during the wave events. Regarding the
spatial difference between A and B, the L
value of the blue line (B-4.25 h) is greater
than that of the red line (A) by <0.1 and
their MLT are nearly the same. However,
B's MLAT are different from A's by at least
4.5°. B is always in the Southern
Hemisphere (MLAT < 0), but A crossed
the magnetic equatorial plane (MLAT = 0)
while observing Wave #2.

3.2. Local Plasma Conditions

Figure 3 shows H* energy-time and pitch
angle (PA)-time flux spectrograms from
HOPE and the total electron density, n,,
from EMFISIS on A in the orbits of Wave
#1 and Wave #2 (Figures 3a-3c) and
Wave #3 (Figures 3d-3f). Derived from
the frequency of the upper hybrid waves
(UHWs) observed by the EMFISIS Waves
instrument is n,. Data gaps in n, result from
no clearly identifiable UHW activity. The
plot time intervals are similar to Figure 1
but for a longer period of 5 h. The
ephemeris parameters of the spacecraft
shown in Figure 2, i.e,, L, MLT, MLAT, and
UT, are included at the bottom of the
figure. Measurements at B (not shown)
are qualitatively similar to A, but a
quantitative analysis (see section 3.3)
reveals that local plasma conditions at B
are not sufficiently EMIC wave favorable
to drive wave activity.

Enhanced H* populations are present in
three distinct energy ranges around the
EMIC wave events:

1. >1keVH™ are freshly injected from the plasma sheet. Their spectra demonstrate “nose-like” structures
[e.g., Smith and Hoffman, 1974; Vallat et al., 2007], characteristic of deeper access to the inner mag-
netosphere at a specific energy. This unique spectral feature often results from comparable westward
and eastward components of the E x B and gradient-curvature drifts, resulting in more inward
injections of those particular particles.

2. <10eVH" are an intense population in the HOPE energy range only in the first ~2 h of the plotted period,
soon after perigee. This is the high-energy tail of the plasmaspheric population.

3. ~2-300eVH" exist from ~0955 UT in Figure 3a and from ~2015 UT in Figure 3d. The population lies in the
transition region from the cold plasmasphere to the hot ring current, and its association with the observed
EMIC waves is not clear. Nevertheless, their flux variation over UT anticorrelates with n,_ That is, higher H*
fluxes are observed at times of lesser n, or lower frequencies (20-500 kHz) of UHWSs (not shown). As a
result, this H population is likely related to the UHW activity during the periods.

Although the H* spectral features changed noticeably over the two orbits (Figures 3a versus 3d), the fluxes of
>1keVH" are always enhanced around PA =90° during the wave events (Figures 3b and 3e). Note that the
dominance of the perpendicular fluxes over parallel even continues after each wave event.
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Figure 4. EMIC instability related parameters on (left) Van Allen Probes-A and (right) B in three consecutive orbits on 27-29 April
2013. From top to bottom, the panels show hot-proton (>1keV) temperature anisotropy (Anp =T /T — 1), hot-proton density
(nhp), electron density (ne), magnetic field magnitude (|B]), hot-proton parallel plasma beta (B|1n), electron plasma/gyrofrequency
ratio (foe/fce), and the difference between the observational EMIC wave growth parameter (53,) and the theoretical EMIC instability
parameter (Sp). Three pairs of the vertical dotted lines indicate the start and end times of the three wave events, respectively. In
Figures 4a, 4f, and 4g, the horizontal dashed line marks the values of 0, 10, and 0, respectively. The vertical dash-dotted blue lines
denote the time of the spacecraft perigee passes. The plotted period starts and ends at two perigees.

Consistent with the spectrograms in Figures 3a and 3d, the magnitude and variability of n, indicate that the waves
occurred near the plasmapause. While Wave #3 is at a distinct boundary with a sudden, large drop in n,, the n,
gradient when Waves #1 and #2 are observed is more gradual. However, all the three wave events are associated
with decreases in n, or with negative n, gradients (less clear in Wave #1 than the other two wave events).

3.3. Linear Theory Testing

To quantitatively evaluate conditions for the excitation of the EMIC waves, we test the linear theory of the
EMIC instability with local magnetic field and plasma parameters, which are derived from the H* energy and
PA fluxes. Based on linear theory, EMIC wave activity can occur only if ¥ ,, > S, [Gary et al., 1994; MacDonald
et al., 2010], where the theoretical EMIC instability parameter

2
Sy = 0o + 0 In(%) +02{In(%)} )
Ne Ne

The number density of energetic H (denoted by “hp,” i.e., hot protons) is np,,,. The electron density is n. The
constants 0o =0.429, 0, =0.124, and 0, =0.0118 were derived by Blum et al. [2009] by assuming that the local
wave growth rate (y/Q,) is 0.001 and fitting linear theory results to Los Alamos National Laboratory (LANL)
Magnetospheric Plasma Analyzer observations at geosynchronous orbit (GEO). Those constants are still valid
at places other than GEO. The observational EMIC growth parameter

G
h=\+— )
T [l
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Table 1. Average Parameter Values With Standard Deviations During Wave Events

Wave # Anp Nhp (€M) ne(em ™) B (nT) Bilh foe/fee Sh—Sh

1 070+0.10  048+002  21.17+472  12589+248 0094001 11.66+143  0.10+001

2 061+£006  067+£002 29924873  10539+182 0.18+001 1648227  0.15£0.02

3 046+007 055003  5479£1490 116.82+£227 015%002 20.14%272  0.07+0.02
where

2
ap = do — aq In<%) —ay {In (%)}
Ne Ne
and ap=0.409, a; =0.0145, and a, =0.00028 [Blum et al., 2009]. The parallel plasma beta of energetic
H* Bijn = 2uonnpkTy/B2.

Figure 4 shows several associated parameters from both of the Van Allen Probes in three sequential orbits on
27-29 April 2013: temperature anisotropy for >1keVH", Ay, =T, /T — 1 (Figure 4a), n,;, for >1keVH"
(Figure 4b), n. (Figure 4c), the local magnetic field magnitude |B| (Figure 4d), B}, for >1 keV H* (Figure 4e), the
electron plasma/gyrofrequency ratio, fpo/fce (Figure 4f), and the difference between 5, and S, (Figure 49).
foe/foe=321n,"?|B|"", where n, is in cm ™ and |B| in nT. The H" moments (T, T}, and ny,p) are calculated
with H* 3-D distributions measured by HOPE in energy channels over 1keV (970 eV, to be precise). For the
purpose of comparison, the y axis range of each panel is kept the same for the two spacecraft. Again, the start
and end time of the wave events are denoted by the three pairs of the vertical dotted red lines. Table 1 lists the
averages and standard deviations of the parameters during the wave events.

The mean value of Ay, is moderately high during the wave events, with the maximum average value at
0.70+0.10 in Wave #1. Note that large Ay, spikes around perigee (denoted by the vertical dash-dotted blue
lines) are a computational artifact resulting from the low abundance (and thus low count rates) of H" at
energies >1 keV (see Figures 3a and 3d). During the periods of the waves ny, is apparently enhanced,
although it is not at its maximum. During the wave events, n, is greater than the density of H" in the full
energy range of HOPE by a factor of 6-110 (not shown), indicating a dense plasma population below the
lower energy limit of HOPE. The three wave events occurred at low MLATs, close to local minimum |B| regions
(i.e., on the magnetic equatorial plane). The averages of |B| are 12589+ 2.48, 105.39+ 1.82, and 116.82 +2.27 nT
in the three events, respectively. During the first two wave events, fj, is not at a maximum value but is clearly
enhanced. Notably, the third wave event does occur at a local maximum of .. Associated with the
characteristic energy for cyclotron interactions (= |B|2/(2,u0kne)) [Kennel and Petschek, 1966], foe/fc. is expected to
exceed 10 for the excitation of EMIC waves [Chen et al., 2009; Zhang et al., 2011]. As listed in Table 1, the wave
event averages of f,./fce are all above 10. However, they are also greater than 10 in several time intervals when
no EMIC wave activity is present (Figure 4f). We use X}, — S, as a more comprehensive proxy for EMIC wave
generation. While a positive value of X, — Sy, is not always accompanied by EMIC wave activity, the average of
>h — Spis clearly elevated during each wave event, with positive values of 0.10+0.01, 0.15 £ 0.02, and

0.07 £ 0.02, respectively. On Van Allen Probe-B, >, — S}, never exceeds 0.

4. Discussion and Conclusions

We report the wave observations, associated plasma measurements, and linear theory testing of EMIC waves
observed by the Van Allen Probes on 28 April 2013. Although EMIC waves have been intensively investigated
[e.g, Kennel and Petschek, 1966; Young et al., 1981; Rauch and Roux, 1982; Roux et al., 1982; Anderson et al.,
1996; Fraser and Nguyen, 2001; Halford et al., 2010; Pickett et al., 2010; Zhang et al., 2010, 2011; Min et al., 2012;
Allen et al., 2013; Lin et al., 2014], plasma properties relevant to EMIC wave excitation have not been fully
understood in the magnetosphere due to the wide spatial extent of EMIC wave generation and propagation.
For example, Lin et al. [2014] recently found that the correlation of positive A, events, EMIC instability
threshold (2, > Sp), and EMIC waves observed by the polar-orbiting Cluster spacecraft is low. The two-point,
frequent measurements of the Van Allen Probes allow us to pinpoint local field and plasma conditions

for EMIC waves in the inner magnetosphere. New insight into the excitation of EMIC waves from this report
is as follows:
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1. EMIC waves are detected during three individual events in two consecutive orbits of Van Allen Probe-A,
while B detects no significant EMIC wave activity during the period. The wave events are apparently
localized in or near their generation regions when observed, because they still have low wave normal
angles and left-hand polarizations [Kennel and Petschek, 1966; Roux et al., 1982]. The local wave occur-
rences are reconfirmed with the testing of linear theory, even though it has intrinsic limitations (see
below). No EMIC wave activity is observed at B because local plasma conditions are not favorable for EMIC
wave excitation. For example, §j, is low throughout the time interval and 5, — Sy, never reaches a large,
positive value that is close to those at A during the wave periods. This could be due to the more off-
equatorial position of B during the wave observations at A. In other words, B is at least 4.5° from A in MLAT.

2. Three overlapping H* populations around the plasmapause are present during the EMIC wave events:
freshly injected hot H* from the plasma sheet (>1keV), cold H* originated from the plasmasphere
(<10eV; most not observed by HOPE), and H* in the transition region from the plasmasphere to the ring
current (~2-300eV; likely related to UHWs). The waves occurred in the preferred EMIC wave excitation
region, i.e,, near the plasmapause [e.g., Fraser and Nguyen, 2001], and the waves are driven by energetic H*
in so-called nose-like spectral structures. This H* population resides near the ion injection boundary on
the nightside, specifically, ~1-2 h before the local midnight. Note that there also exist “nose” structures at
Van Allen Probe-B, but no EMIC waves are ever observed on that spacecraft during the period.

3. Linear theory indicates that X, — S, is significantly raised, on average, to 0.10+0.01, 0.15+0.02, and
0.07 £0.02 during the three wave events, respectively. These are elevated thresholds for EMIC wave
excitation with /Q,=0.001. A positive value of X, — Sj, is not always accompanied by EMIC wave activity.
Even a large positive value of 2, — Sy, is not a sufficient condition for the excitation of an EMIC wave (e.g.,
after Wave #2 in Figure 4q): Limitations in linear theory, such as simplifying the ion distribution as
Maxwellian [Khazanov et al., 2007] and not considering heavy ions (He* and O%) and nonlinear effects,
may be the reason for this. The wave-period enhancements of 5, — S, result from combined variations in
Anps Nhps Ne, |B|, and ). Negative n, gradients might also play an important role in the generation of the
waves. They could guide waves, maintain a small wave normal angle, and thus greatly increase the
raypath-integrated wave gain [Chen et al., 2009].

Changes in the abundance ratios of H*, He*, and O" ions, dominated by those from the plasmasphere,
probably cause the distinct band differences among the three EMIC wave events [Rauch and Roux, 1982; Chen
et al., 2009]. A reproduction of the band features with a wave model is beyond the scope of the current
investigation and will be a topic for future work. The present study serves as a foundation for a statistical
examination of all EMIC wave events observed by the Van Allen Probes, providing a clearer understanding of
plasma conditions for the excitation of them. Moreover, to achieve a better understanding of the generation
and propagation of EMIC waves and their interactions with particles in the magnetosphere, it is necessary to
conduct conjunction studies by adding balloon- or ground-based observations as well as in situ
measurements from other missions.
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