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[1] Observations of left-hand polarized electro-magnetic ion cyclotron (EMIC) waves
with significant wave power across f,. are presented. Concurrent field and particle
measurements reveal pitch angle scattering of thermal ions during the interval of
maximum wave power. The observations suggest the presence of multiple cold ion
species (H', He") at this time, below the sum of spacecraft potential and minimum
energy of the ion instrument (i.e., <~20 eV). Fortuitously, immediately following the
most intense wave activity, the ambient plasma flow velocity became sufficiently large
such that cold ions can be accelerated into the energy range of the particle instrument.
Thus, two low energy ion components are revealed in the particle measurements at
energies consistent with cold protons and He". Maxwellian fits provide approximations
of these cold ion species component densities and temperatures. The linear dispersion
relation of parallel propagating EMIC waves for the observed conditions shows a
vanishing cold plasma He" stop band, consistent with the wave measurements during
this interval. These results provide the first observational evidence of the importance of
the cool ion species temperature/density in controlling linear wave growth through the
heavy ion stop bands in warm plasma theory.
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1. Introduction

[2] Space-based observations of electro-magnetic ion
cyclotron (EMIC) waves have revealed a number of defining
features of the low-frequency plasma emissions that match
those determined through extensive theoretical work. These
left-hand polarized waves experience excitation through
cyclotron resonance with anisotropic energetic protons near
the magnetic equator and often emit power in separate fre-
quency bands, usually with clear band gaps or “stop bands”
at the local gyrofrequencies of He" and O". Past case studies
that combine spacecraft data sets and theory have focused on
the processes through which the wave emissions are excited
and the characteristics of multiple plasma species that sup-
port or suppress this excitation [e.g., Mauk and McPherron,
1980; Young et al., 1981; Roux et al., 1982]. The likelihood of
the waves leading to losses of high-energy electrons [7horne
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and Kennel, 1971] has also seen some recent experimental
investigation [e.g., Meredith et al., 2003]. The role of He" in
the generation of EMIC waves has received special attention
since the waves tend to possess more power below the He"
gyrofrequency (fy.+) [Chen et al., 2009; Fraser et al., 2010].
Furthermore, the recent observational evidence of waves
near the heavy ion gyrofrequency and even throughout the
cold plasma theory He" stop band suggests that the minimum
resonant energy for wave-particle interaction by anomalous
Doppler-shift with high-energy electrons is very much reduced
[Ukhorskiy et al., 2010], rendering these waves an important
candidate for relativistic electron losses. Thus, it is important
to understand the origin of and establish the conditions for
the growth of EMIC waves near and inside the He " stop band.

[3] Recently, test particle simulations within a simplified
magnetic field model have adequately reproduced spacecraft
observations of simultaneous EMIC wave emissions in two
separate frequency bands [Shoji and Omura, 2011; Shoji
et al., 2011]. These hybrid simulations demonstrate the com-
plicated processes that link cyclotron resonance to wave
instability in different frequency bands. At the same time,
analytical solutions of the waves as the model plasma envi-
ronment is modified have been discussed by Silin et al. [2011]
and Chen et al. [2011]. These studies suggest that the cold
plasma approximation does not adequately describe the wave
characteristics as the wave dispersion and unstable frequen-
cies are modified substantially near fy,.. by the hot proton
anisotropy and cold heavy ion temperature and density.
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Additionally, the studies focus on how this dispersion rela-
tion modification affects evaluation of electron scattering
energies associated with EMIC waves; it is shown that using
the cold plasma description of EMIC waves can result in
erroneous estimates of the minimum resonant energy of
electrons. Chen et al. [2011] concluded that the class of
EMIC waves which do not have a cold He" stop band can
only resonate with electrons>a few MeV due to catastrophic
damping that occurs at larger wave number. Furthermore,
they demonstrate that even when there is a He" stop band, the
effects of finite He" and hot proton temperature can sig-
nificantly alter the wave properties at frequencies just under
Qe+, also limiting the range of electron energies that can be
affected by EMIC waves to much higher energies; sub-MeV
electrons cannot be scattered by such waves. Their conclu-
sions imply that the multi-ion species in the plasma envi-
ronment must be considered more closely when evaluating
relativistic electron scattering by EMIC waves. The theoret-
ical predictions still await testing to new, high-resolution
observational data.

[4] Such studies continue to improve definition and pro-
vide additional understanding of EMIC waves and the vari-
ous conditions of the plasma environment that excite or damp
them. In recent years, a number of observational studies on
interactions of various electro-magnetic waves and particles
in the equatorial magnetosphere fueled by the launch of the
Time History of Events and Macroscale Interactions during
Substorms (THEMIS) mission have also been carried out
using state-of-the-art, comprehensive instrumentation [e.g.,
Usanova et al., 2008; Li et al., 2010]. In particular, burst-
mode observations (particle and wave data captures at the
highest rate possible for short intervals, triggered by ambient,
local conditions) by the THEMIS spacecraft now open up
the possibility of high-quality studies of EMIC waves, their
growth, their saturation and their effects on particles.

[5s] Presented here is a unique observation of a class of
EMIC waves just below, at and through f;... These obser-
vations enable the first detailed examination of the observed
plasma conditions giving rise to waves within the cold plasma
He" stop band, and comparison with linear warm plasma
theory. Although signatures of cold He™ are clear in initial
observations of the ion distributions, it is demonstrated that
due to the combination of hot proton anisotropy and low
density and nonzero temperature of the cold He" component,
EMIC wave instability can occur within the frequency band
that usually corresponds to the He" stop band under the cold
plasma approximation. Our modeling results support the
observations and further elucidate the range of cold ion den-
sities and temperatures that support unstable EMIC waves
without a heavy ion stop band and additional wave instabil-
ities associated with warm plasma effects.

2. Instrumentation and Data Products

[6] The observations discussed within this study draw
on various data products from the THEMIS mission
[Angelopoulos, 2008]. The magnetic field data all originate
from the fluxgate magnetometer (FGM) [Auster et al.,
2008]; spin-averaged (0.33 Samples/s) and low-resolution
(4 Samples/s) FGM data types are used. The low-resolution
magnetometer data provides three-dimensions of the ambient
magnetic field from DC to 2 Hz Nyquist frequency. Details
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about the wave spectral analysis, including the transform
methods used to produce the wave dynamic power spectro-
grams, are given in the section describing wave observations.
Three-dimensional particle data measured by the electrostatic
analyzer (ESA) [McFadden et al., 2008] are also used. The
spacecraft potential-derived plasma density (Ne SCpot) data
originated from measurements made by the electric field
instrument (EFI) [Bonnell et al., 2008]. Only data from
THEMIS probe A (TH-A) are presented in this study.

3. Observations

[7] During the interval of interest TH-A was in the pre-
midnight sector at a radial distance near geosynchronous
altitude. To establish the background magnetic field that is
used to define the field-aligned coordinate (FAC) system,
the spin-averaged FGM data is low-pass filtered using a
600-point (30 min) sliding window. The low-resolution
FGM data (4 S/s) is then transformed into the FAC system
(Z along the average field, X perpendicular to Z in the
direction of Earth and Y completing the orthogonal system)
prior to performing any spectral analysis. The various types
of ESA data are also transformed into and presented in FAC
when applicable. Any additional data processing is described
further in its respective section.

3.1. Waves

[8] EMIC wave observations made by TH-A during the
time interval from 10:49:30 to 11:10:30 UT are summarized
in Figure 1 in a stack plot showing the wave dynamic power
spectrograms along the average magnetic field (plotted as
magnetic field power spectral density along Z as defined in
the FAC system and labeled P., with units of nT?/Hz) pro-
duced using both fast Fourier (Figure 1a) and Morlet wavelet
transform (Figure 1b) methods; degree of polarization (P
(Figure 1c); wave normal angle (0) (Figure 1d); ellipticity (e)
(Figure 1e); ESA ion (Ni_ESA), ESA electron (Ne ESA) and
spacecraft potential-derived (Ne_SCpot) densities (Figure 1f);
and the computed DC magnetic field (Figure 1g). Local fz.
and fy.+ are also superposed on each of the panels. The
dynamic spectrogram produced via the fast Fourier trans-
form (FFT) method in Figure la uses an FFT window of
256 points and a slide time of 128 points. Figures 1c—1e are
products of the spectral matrix produced using the FFT
method. Dynamic spectrograms produced using both FFT
and Morlet wavelet transform (MWT) methods suggest that
either one can be used for wave spectral analysis in this case;
the results will remain similar.

[v] Wave spectral analysis and characterization draws upon
procedures defined by Samson and Olson [1980]. The pro-
cedures include calculation of the wave degree of polariza-
tion, where P* > 0.70 indicates a high polarized wave, wave
normal angle (0) and ellipticity (e), which describe the wave’s
propagation angle with respect to B and the rotation sense of
its perturbation vector, respectively. Values for 6 range from
0 to /2, for which a wave with 6§ = 0 propagates purely
parallel to the field and a wave with § = 7/2 propagates per-
pendicular to the field. Values for e range between —1 to +1,
where e ® —1 indicates a left-hand polarized wave, e = 0
indicates linear polarization and e = +1 indicates a right-
hand polarized wave. Moderate masking (using the NaN
flag) is applied to the spectral analysis results to facilitate
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Figure 1. Stack plot summarizing the wave observations, spectral analysis results, approximate plasma
densities and the computed background magnetic field.

interpretation: cells with wave power <0.01 nT*Hz are
masked when plotting P, and cells with P> < 0.5 are masked
when plotting 6 and e. The masking eliminates much of the
remaining spacecraft spin tones or harmonics from the plots
and clears away some, though not all of the extraneous
measurement noise.

[10] Wave observations can be partially characterized
using the aforementioned spectral analysis tools. Between
10:55 and 11:02 UT, a series of peaks in wave power
between 1 and 10 nT?/Hz close to f,. are visible in both
Figure la and Figure 1b. It should also be noted that sig-
natures of a magnetic field dipolarization are observed at about
11:05 UT, visible in Figure 1g as well as the accompanying
panels. Within the interval prior to the dipolarization, which

is the interval of interest in this paper, there are two smaller
intervals from 10:57:50 to 10:58:40 UT and 11:00 to
11:01 UT when wave power along B, is significant, coherent
and present right below and across f7.+ without a clear cold
plasma stop band. We focus our attention on the waves
during these two short intervals. It is clear that the highly
polarized waves are propagating primarily parallel to the
field (# = 0) and have left-handed rotation (e < 0), both
attributes matching those of EMIC waves. However, since
the waves are unstable both below and above fz.. the
question arises whether the waves can be characterized as
He" band waves, proton band waves, or both, strictly in the
context of cold plasma theory. (It should be noted that the
selected FFT spectral resolution is 0.002 Hz and frequency
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Figure 2. Stack plot summarizing the ESA observations during the interval of wave activity.

averaging has been avoided in order to avoid wave power
overlap.)

[11] While in the cold plasma approximation clear stop
bands appear near each heavy ion gyrofrequency and left-
hand polarized waves cannot exist within the stop bands, the
approximation is an oversimplification. To better address
this concern, we consult observations of the plasma and
particles and show that the waves indeed should exhibit
signatures that differ from the familiar cold plasma case.

[12] Before closing this section, however, we point out
that the differences in ion (Ni_ESA) and electron (Ne_ESA)
densities in Figure 1f are purely instrumental and have to do
with the spacecraft positive charging that repels ions up to an
energy comparable to the spacecraft potential, while electron
densities suffer in part from photoelectrons (but can be
avoided by a good measure of the spacecraft potential from

the electric field instrument) and in part from cold ambient
electrons that cannot be distinguished well from the photo-
electrons at very low energies. The spacecraft potential-
determined density (Ne_SCpot), however, is not affected by
missing the cold populations and can thus approximate the
total plasma density quite well. It is evident that Ne SCpot
agrees with Ni_ESA between 11:00-11:03UT whereas
everywhere before that the ion ESA underestimates the total
ion density. We will come back to this point later in the paper.

3.2. Particles

[13] Data from the ESA instrument during the EMIC wave
event are shown in Figure 2 (the wave power spectrum is
shown in Figure 2a for reference). The ESA instrument mea-
sures ions (energy per charge without mass discrimination)
from ~6-7 eV up to 25 keV and electrons from ~6-7 eV to
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Figure 3. Stack plot showing the kinetic energy solutions of the cold ions detected during the fast plasma

flow using [v,|.

30 keV. Also shown are the ion flow velocities in the FAC
system (Figure 2b), energy-time spectrograms for ions
(Figure 2c) and electrons (Figure 2d), and two pitch angle
spectrograms for energies: 5 to 500 eV (Figure 2¢) and 10 to
25 keV (Figure 2f). Key features during the time interval
appear from 10:58 to 11:00 UT and 11:00 to 11:03 UT.

[14] The time interval 10:58—11:00 UT corresponds to the
period of maximum wave power. Looking at Figure 2f just
before this interval, there is strong pitch angle anisotropy of
the >10 keV ions (assumed protons), with more energy flux
perpendicular to the background field. During this maximum
wave power interval, the perpendicular energy flux intensi-
fies but is also accompanied by enhanced energy flux par-
allel and anti-parallel to the field. We interpret the increase
in parallel and anti-parallel energy flux as due to strong pitch

angle scattering caused by cyclotron resonant scattering.
The cyclotron resonant energy of energetic protons generally
ranges from a few keV up to 10s of keV [e.g., Gendrin and
Roux, 1980; Chen et al., 2010], which agrees well with the
observations.

[15] The second time interval, 11:00-11:03 UT, displays
less wave power, but shows the onset of a fast plasma flow
in Figure 2b, in v,, peaking at about 80 km/s just before
11:02 UT. This flow also coincides in the ESA ion spectra,
Figure 2c, as two energy flux peaks at energies less than
200 eV. The flow is also evidenced as flow anisotropy of
low energy ions in Figure 2e as an energy flux concentrated
perpendicular to the field. The pitch angle distribution of
energetic ions shown in Figure 2f isotropizes during this
interval of fast flow. The double peak in the energy flux
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Figure 4. Observed phase space densities of (a) the full ion distribution function over the time interval
10:58:26—10:58:44 UT and (b) cold ions below 500 eV over the time interval 11:02:01-11:02:19 UT.
The anisotropic energetic ions with velocities greater than 800 km/s in Figure 4a are assumed protons.
The cold ions present within the fast plasma flow, indicated by the long horizontal dashed lines, are
(iii) protons and (iv) He" and are re-plotted separately in Figure 5; the long vertical dashed line (v) denotes

the cut along the perpendicular direction.

enhancement visible in Figure 2c between 11:00 and 11:03 UT
requires additional explanation.

[16] As mentioned before, the ESA does not measure
plasma composition. However, a straightforward calculation
using the observed |v,| and proton, He" and O" masses
allows the prediction of the ion kinetic energies if present
during the fast flow. Cold protons carried by a fast flow of
80 km/s have a kinetic energy of (O.Smpvz) ~ 30 eV, while

He" will have an energy (0.5m,.v* = 2m,%) of 120 eV.
Figure 3 shows a zoomed interval from 10:59:40 to
11:04:20 UT when the ESA also recorded particle burst-
mode data. The white traces superposed on Figures 3c, 3d
and 3e are the kinetic energy solutions for protons, He" and
O" if present during the fast flow. With the exception of
Figure 3e, the traces match the detected ion energy peaks
closely thus implying the presence of cold protons and He " in
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Figure 5. Observed phase space densities of the cold ions with the velocity space origins shifted using
the offsets shown by the long horizontal dashed lines at (iii) 85 km/s and (iv) 155 km/s in Figure 4 over
the time interval from 11:02:01 to 11:02:19 UT: (a) cold protons and (b) cold He".

significant densities. Any notable densities of O" would result
in an additional peak above that of He"; we therefore con-
clude that the plasma does not contain much O™ at this time.

[17] At this point, recall that in Figure 1f the spacecraft
potential-determined density, Ne SCpot, agreed quite well
with the ESA ion density, Ni ESA, during the 11:00-
11:03 UT interval, precisely the time when the low energy
ions were measureable by the ESA instrument due to their
flow velocity that enabled their energy to exceed the elec-
trostatic repulsion from the positively charged spacecraft.
This suggests that Ne SCpot is a good measure of the plasma

density. However, the fact that Ne SCpot was actually larger
than the ESA-determined density from both ions and elec-
trons, and had a relatively large range from 20 to 80 cm >
around the time of the wave activity suggests that the domi-
nant part of the plasma is missed by the ESA instrument prior
to the flow interval, and therefore primarily consists of cold
plasma with energy below the sum of the spacecraft potential
and the minimum ESA energy, i.e., <~11 + ~7=~18 eV at
10:59 UT. The spacecraft potential has been superposed on
the electron energy-time spectrogram (Figure 2d) as a solid
black line.
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Figure 6. Bi-Maxwellian distribution (blue and red solid
lines) fitted to the observed PSD cross-sections (blue and red
dash-dotted lines) of hot protons shown by the dashed lines
in Figure 4 (i) along the field, plotted in blue, and (ii) perpen-
dicular to the field, plotted in red. The bi-Maxwellian distribu-
tion is fitted to the observed PSD of protons with energies
greater than about 3 keV (800 kmy/s).

[18] The realization that multiple plasma species exist
during the wave activity encourages a determination of the
characteristics of each species by examining their observed
phase space densities (PSD) to derive partial densities and
temperatures. In Figure 4, 2D cuts of the observed three-
dimensional ion distribution functions, averaged over an 18-s
time interval, are shown in the B-V coordinate system, where
B is along the magnetic field direction and V contains the
average velocity vector during the interval. Specifically,
Figure 4a shows the hot proton anisotropy from 10:58:26—
10:58:44 UT, i.e., when the peak wave growth was seen, and
Figure 4b shows the two cold ion energy flux enhancements
from 11:02:01-11:02:19 UT. While it would have been ideal
that the PSD contours are calculated over the same time
interval, the cold ions were not in motion during the time of
strong pitch angle anisotropy of the hot protons and eluded
measurement by the ESA; it is assumed based on inference
from the earlier discussion regarding Ne SCpot that the cold
ion distributions were also present during the interval of hot
proton anisotropy. It is evident in Figure 4a that the hot
protons are anisotropic, with more PSD distributed per-
pendicular (Vy) to the field than along (Vp) it. We mark
the two directions (parallel and perpendicular) with lines
(1) and (ii) to remind the reader that we will perform 1D
cuts of this distribution along these lines later, for modeling.
By comparison to the hot ions, the cold ions seen in
Figure 4b are isotropic. The PSD of the cold ions can be
analyzed separately by obtaining 2D velocity space cuts
along the plane normal to the B-V plane that contain the
dashed lines (iii) for cold protons, at 85 km/s, and (iv) for
cold He", at 155 km/s. Additionally, the perpendicular cut for
both ions is denoted by a vertical dashed line (v). The PSD is
then recalculated for each cold ion distribution. In Figure 5,
the individual PSD of cold protons (Figure 5a) and He"
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(Figure 5b) are shown, representing planar cuts intersecting
the B-V plane along lines (iii) and (iv) in Figure 4.

[19] To obtain the density and temperature of each ion
species, we fit the observed PSD to Maxwellian distributions.
This is achieved using a least squares fit method. A single
bi-Maxwellian distribution is used for fitting of the hot
proton distribution due to the clear temperature anisotropy
that was seen in Figure 4a. It should be noted that fitting
of the anisotropic hot protons is achieved by excluding the
PSD of ions with kinetic energies less than about 3 keV
(800 km/s), which are seen to peak near the origin in
Figure 4a. This kinetic energy cut-off was determined by
considering that hot protons from a few keV to 10s of keV
make up the expected resonant particle distribution. Fits with
this kinetic energy cut-off shifted to ~2 and ~5 keV (600
and 1000 km/s, respectively) were also performed and yielded
similar fitting results that also indicated clear temperature
anisotropy of the hot proton distribution. However, we use
the 3-keV energy cut-off to avoid including cooler particles
in the fitting and to ensure that the fitting captures the
previously noted energy range of resonant particles. The
hot proton anisotropy, Auz+ = Tperp,nrrr! Tparnr — 1, where
Tperpnre and Ty gy are the perpendicular and parallel
temperature of the hot protons, was about 1.03 for the fitting
that excluded PSD of ions <3 keV (Figure 6). On the other
hand, the roughly isotropic cold proton and He " distributions
are fitted with Maxwellian distributions, as shown in
Figures 7a and 7b. The densities and thermal characteristics of
each ion species as obtained through the fitting are summa-
rized in Table 1, along with other relevant parameters that help
define the plasma environment during the interval of wave
observations. The drift velocities are set to zero during the
fitting of the various Maxwellian distributions to the PSD data.

4. Modeling

[20] The dispersion relation for parallel propagating EMIC
waves and the various cases presented in this section follow
the methodology described by Chen et al. [2011]; products
are obtained using the wave dispersion relation in dimen-
sionless form (following Swanson [1989]) and incorporate
the plasma dispersion function as defined by Fried and Conte
[1961]. The dispersion relation using the observed plasma
parameters indeed demonstrates the presence of an unstable
wave mode that can propagate across (lye+. Our results
extend previously explored conditions for the unstable wave
mode to very low-densities of the thermal He" plasma com-
ponent (where “thermal” indicates ~1 eV < T, <100 eV to
distinguish He" from a typical cold plasma of 7= 1 eV). To
better understand the effects thermal He" density and tem-
perature have on the propagation of the unstable wave mode,
that component’s density and temperature are alternately
varied. Additionally, results of parametric study of the rela-
tionship of thermal He" characteristics to EMIC wave insta-
bility due to warm plasma effects are presented.

4.1. Dispersion Relation Using Observed Plasma
Parameters

[21] The dispersion relation for parallel-propagating
EMIC waves is shown in Figures 8a and 8b showing the real
(w,) and imaginary (w;) wave frequencies (normalized to the
proton gyrofrequency, {2;.) as a function of normalized wave
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Figure 8. The dispersion relation for parallel propagating
of 1 EMIC waves using the observed plasma parameters that
1x10 E 1 shows (a) the relation between w, and k and (b) corresponding
w;. Black horizontal dash-dotted lines in Figures 8a and 8b
of L o 1 L denote Qe+ and w; = 0, respectively. With all particle spe-
-4x10°  -2x10° 0 2x10° 4x10° cies’ temperatures set to be cold and ny.; = 0.16 cm >, the
v(ms?) cold plasma dispersion relation is plotted using thin black

Figure 7. Maxwellian distributions (solid red lines) fitted
to the PSD cross-sections (dash-dotted blue lines) of (a) cold
protons and (b) cold He" as shown in Figure 5. Both ion
species are assumed isotropic.

Table 1. A Summary of the Space Plasma Environment
Parameters as Observed by TH-A on 25 June 2010°

Species  Hot Protons  Cold protons Thermal He" Cold Electrons
ny (cm™3) 1.24 20.4 0.16 21.8
Tpars (€V) 4042 22 30 1
Tperp,s (€V) 8200 22 30 1

“The number densities and temperatures of the hot and cold protons
and thermal He" are approximate values obtained from least squares
fitting of Maxwellian distributions to the observed PSD. The cold electron
component’s density is based on the sum of all ion components and
ensures charge neutrality. B, = 60 nT; 175y = 21.8 cm .

solid lines. The cut-off frequency, w,,, is shown in Figure 8a
with thin black dashed lines and labeled along the left vertical
axis.

number, kc/u,p+, where ¢ is the speed of light and wz is
the plasma frequency of protons; w; is also referred to as
the wave growth rate, where positive values correspond to
wave growth. The results are consistent with our obser-
vations of maximum wave power detected very near fz,-.
The dispersion relation is obtained in a homogeneous plasma
containing cold electrons, cold protons with a Maxwellian
distribution, thermal He™ with a Maxwellian distribution and
hot anisotropic protons with a bi-Maxwellian distribution.
The thin black solid lines in Figure 8a show, for reference,
the cold plasma dispersion relation, i.e., the case with n,. =
0.16 cm > and all particle species temperatures set to be
cold. The familiar banded structure is clear, with a narrow
stop band starting at and ending just above (2., where the
stop band is between Q. and the cut-off frequency (Qpe+ <
w, < W), labeled w,, and denoted with a thin black dashed
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Figure 9. Several EMIC wave dispersion relation cases under 2y, obtained while varying He" density
and temperature. (a) The relation between w, and k while varying thermal He" density at fixed temperature
(Tyesr =30 eV) and (b) corresponding w;. (c) The relation between w, and k while varying He"™ temperature
at fixed density (17, = 0.16 cm ™) and (d) corresponding w;. Thin black dash-dotted horizontal lines in
Figures 9a and 9b indicate 2y and w; = 0, respectively; again, thin black solid lines represent the cold
plasma dispersion relation for 7z, = 0.16 cm > with all particle species’ temperatures set to be cold.
In Figures 9a-9d, long dashed lines represent the cases for which a He" stop band exists, where thick long
dashed lines show w, and w; as a function of k for the He" band (w, < Qy1c:) and thin long dashed lines
designate the relations for the proton band (Qper < w, < Qy1); thick solid lines represent the cases for
no stop band, where thick red solid lines represent the observed case. Only the noted He" characteristics
are varied; the remaining plasma parameters remain the same as the observed case, summarized in Table 1.

line. The thick red solid line in Figure 8a shows that the wave
mode can indeed propagate across (2. It possesses maxi-
mum growth rate just under Q.. (Figure 8b), but has posi-
tive growth rates over a frequency range including e+ as
well as above it.

[22] It should be noted that the observed plasma para-
meters applied to the dispersion relation shed new light on
previous results obtained by Chen et al. [2011]. In previous
work, the unstable mode caused by the hot proton anisotropy
(pere > 7.5%5 Tpar prre > 25 keV; Appy > 1.3) that propagates
across {dye+ is produced under the primary condition of
sufficiently high He" temperature (7%, > 100 eV) and lower
density (17, < 4%). The present study probes the low He"
density condition at a He" temperature at least a factor of 3
lower than the previously presented nominal case. It is also
shown here that the unstable mode also occurs in a high-
density, cold plasma (7., ~ 20 cm > Wyl 2| ~ 20) with
hot proton temperature anisotropy (p+ ~ 5%; Tparpe+ ~
4 keV; Appe ~ 1), but with very low densities of thermal
He" (npe+ < 1%; Tpyes ~ 30 eV). The new results refine the
low-density warm He" condition and show that the unstable

mode occurs within plasma containing much cooler He" and
that the instability threshold may be exceeded due to a
combination of the heavy ion’s density and minimum tem-
perature. To explore the density dependence of the unstable
mode, the He" density is varied while keeping all other
parameters unchanged. Although Chen et al. [2011] have
noted temperature variation of He" as having a smaller effect
on the dispersion relation, He" temperature is also varied
separately to compare alongside the effects of density
variation.

4.2. Variation of Thermal He" Density and
Temperature

[23] The role of thermal He" characteristics on the unsta-
ble wave mode that propagates through (.. can be
explored numerically to better understand the contribution of
density and temperature to the wave mode’s occurrence. The
EMIC wave dispersion relation at different He" densities is
presented in Figures 9a and 9b. The observed case is plotted
using thick red solid lines. It is clear that as He" density
increases above the observed value (long dashed lines), the
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Figure 10. Contours of (a) peak w; and (b) (w, — Qye+) Where peak growth rate occurs for 20 different
nye+ at 20 different 74,.. Symbols @, x, and o designate the cases presented in Figure 9: @ indicates
the observed case, “x” indicates the cases without a He" stop band, and “o0” indicates the cases for which
a He" stop band exists. Horizontal dash-dotted lines designate Ty, = 0.02 keV and vertical dashed lines

designate ny, /n.z = 0.008 (. = 0.16 cm™>).

dispersion relation reverts back to resembling the cold
plasma case. The stop band grows wider with elevated He"
density, as more He' is available to damp the waves. This
process of wave damping and subsequent He" heating has
received much attention in the past [Young et al., 1981].
It should also be noted that in the cases in which the
wave modes split into two frequency bands, the waves have
larger growth rates at wave frequencies below (pe+.

[24] He" temperature variations indeed also affect the
occurrence and propagation of the unstable mode, as previ-
ously noted. Traces of the dispersion relation at different
He' temperatures are presented in Figures 9c¢ and 9d for
fixed density. It is apparent that if the He" temperature drops
below 5 eV (green dashed lines), the dispersion relation
splits into two separate modes, suggesting He" that has been
heated even slightly (e.g., above 5 eV for ngy.+ ~ 0.7%) can
still play a role in generation of the unstable wave mode
across the He'™ gyrofrequency. Even if the He' stop band
appears again when He" temperature drops below the thresh-
old for the single unstable EMIC wave mode, warm plasma

effects continue to affect dispersion for wave numbers at
w, near Q.+, specifically, catastrophic damping occurs at
high wave numbers, which was previously noted by Chen
et al. [2011] to place severe limits on the scattering energies
of electrons. As He' temperature increases above the
observed temperature to 300 eV (thick blue solid line) and
1000 eV (thick black solid line), the single unstable wave
mode becomes more defined and the maximum growth rate
increases; the range of wave frequencies with positive growth
rate narrows slightly.

[25] In summary, we find that it is the combination of
thermal He" density and temperature that contributes to the
occurrence of the single unstable wave mode. Very low
density of He" leads to increased instability and larger devi-
ation from the cold plasma dispersion relation. Conversely,
high He" component densities result in damping of EMIC
waves with w, near Q.. Although the observed temperature
is lower than the nominal case presented by Chen et al.
[2011], the temperature is still warmer than that of typical
plasmaspheric cold ions of a few eV. The fact that an
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extended temperature range leads to instability of a single,
crossing mode suggests a possible mode evolution: cold
heavy ions enable initial wave growth but it is not until
moderate heating of those ions occurs that the waves can
extend over a broad frequency range and resonate with an
energy range of both hot ions and relativistic electrons that
differs significantly from the cold plasma approximation.

4.3. Parametric Study of Thermal He" Effects on EMIC
Wave Instability

[26] An extended study of the specific cases presented in
Figure 9 is undertaken to obtain a larger picture of the rela-
tionship of thermal He" parameter variability to EMIC wave
instability. A wide range of parameters are studied by
varying twenty increments of nye.+/n.p., from 0.0008 to
0.25, at twenty increments of 7.+, from 0.001 to 1 keV; the
remaining ion components’ parameters remained fixed and
the cold electron component density was varied only to
maintain charge neutrality. The 400 cases are visualized in
Figure 10 as two contour plots that show the peak w; for each
case (Figure 10a) and (w, — Q2ze+) Where the peak w; occurs
(Figure 10b); cases with w/Q+ < 0.001 are masked in both
plots. The cases from Figure 9 are superposed as symbols on
the contour plots.

[27] The contours of peak w;, Figure 10a, show a few
trends. The density dependence of peak w; is immediately
apparent: increasing np,./n.+ at any Ty, results in
decreasing peak w;; for Ty, < 0.02 keV, peak w; decreases
monotonically with increasing npo+/npr; for Thyer > 0.02
keV, peak w; also decreases with increasing 7zy,+/n ;. but
evolves in a less organized manner, e.g., sudden drop-offs in
peak w; occur for Ty+ > 0.1 keV as ny,./n.y+ increases
above 0.02. Additional trends can be seen when examining
for temperature influences on peak w; at a given ny./nep
the first trend is present only at ng.+/n.p < 0.002, as
increasing Tp.+ leads to increasing peak w;; an opposite
trend is present at ny/nqyr > 0.05, where increasing Ty,
leads to decreasing peak w;; and, for 0.002 < nyei/nep <
0.05, variations of T+ can lead to both increasing and
decreasing peak w;. An example of the last trend can be seen
at nye+/nepe = 0.008 and also in Figures 9¢ and 9d: as Ty.+
is increased incrementally from 0.001 to 1 keV, peak w;
starts out near 0.03, decreases toward 0.02 and then increases
toward 0.04.

[28] Additional trends surface when examining the value
of (w, — Qpe+) where peak w; occurs, Figure 10b. For any
Tt7e+, Increasing ng,./n.g results in peak w; occurring at
larger deviations from Qe (i.€., |w, — pes| increases).
For 0.0008 < np+/nepe < 0.01, increasing Tp,+ leads to
decreasing |w, — Qpe|, With higher Ty, leading to peak w;
occurring at w, very near Qe (i.e., (W, — Qpes) ~ 0). For
Npe+/Merre > 0.01, peak growth is confined to (w, — Qper) <0,
even for increasing Ty+. Again, Ty, ~ 0.02 keV appears to
be an important temperature. For 0.002 < ny/nep < 0.05,
the temperature is seen to separate two distinct behaviors of
the (w, — Qper) contours; for Tt < 0.02 keV, (w, — Qper) <
0 and remains nearly the same at any given density; this
changes significantly as heating to 7.+ > 0.02 keV occurs,
with (w, — Que+) ~ 0 and eventually positive at higher
temperatures.

[29] Results of the parametric study reemphasize signifi-
cant points brought up in previous sections. We find that the
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effects of heavy ion characteristics in the presence of hot
proton anisotropy on EMIC wave instability are strongly
coupled to density changes but are also influenced by
changes in temperature. In particular, the changes in peak
w; and (w, — Qpe+) as Ty increases above 0.02 keV for
0.002 < nge+/negs < 0.05 supports the suggestion in
Section 4.2 of an EMIC wave mode evolution that occurs
only when He" is heated above a critical temperature.

5. Discussion and Conclusions

[30] Although the observations and modeling results agree
well, the clear signatures of wave power crossing over fy.+
could have a different explanation, which we explore and
refute here. The possibility exists that in the presence of
parallel flows the waves are Doppler-shifted into the range
of the local gyrofrequency. Close inspection of the ion
velocity moments in Figure 2b shows that v, also shows a
small but finite flow velocity of a few km/s. The peak flows
in v, occur in the time interval 10:58—11:00 UT, coincident
with the dominant wave power and signatures of fy.. cross-
over. However, the flows in v, are exceedingly small and
certainly <10 km/s. From the angular real frequency of the
dispersion relation at peak power we obtain w, ~ 0.24 rads/s,
with Qper = 0.25 rads/s. From the dispersion relation, for
w, = 0.24 rads/s, kc/w, = 0.3, which corresponds to k= k. =
5.265¢-3 km™'. A plasma flow with v. = 10 km/s may then
cause a Doppler-shift Aw, = 0.0526 rads/s, bringing the
peak power waves through the local gyrofrequency and into
the stop band. Larger or smaller gains in frequency can be
observed for different speeds. While minor plasma flows in v,
can Doppler-shift £;,.,,..; closer to the He" stop band, the wave
emissions observed from 11:00-11:01 UT, which also show
wave power just under and through f7,., cannot be
explained in this way. Moreover, flows on the order of a few
km/s are very near the random noise value of the ESA
instrument (and consistent with statistical fluctuations of the
hot plasma thermal velocity of several 100s of km/s). We
therefore suggest that while this possibility of a Doppler-shift
is not out of the question, it is not the most likely explanation
of the observed, persistent presence of wave power within
the He" stop band.

[31] We would also like to point out that the technique we
have used to determine the plasma composition during the
EMIC wave observations could be applied toward future
cases. As discussed earlier, the positive spacecraft potential
repels the majority of the ambient cold ions under steady
conditions. However, flows associated with ULF waves and
convection are commonplace throughout the magnetosphere
and may allow sampling of these cold ion populations. Some
preliminary limits for use of this plasma composition tech-
nique have been determined using the observed spacecraft
potential and ion flow velocities. In the absence of flows
(v = 0) and a spacecraft potential <12 V (+ ~7 eV ion
ESA minimum energy), protons with thermal velocities
v = (kgT/m,)~"* = 41.5 km/s or larger (T > 18 eV)
can be sampled. A flow velocity >60 km/s (0.5m,,v2 ~
19 eV) at 11:02 UT allowed for clear sampling of the cold
proton species (74 ~ 2.2 eV); the spacecraft potential was
near 11 V at this time such that protons with energies >11 +
~7 eV = 18 eV were within the minimum energy threshold
and could be discerned by the ion ESA. This suggests that for
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flow velocities >60 km/s and a spacecraft potential <12 V,
even 0 eV particles may be sampled by the ion ESA. The
limits for sampling of the additional heavy ion species He"
and O" can be determined using the straightforward meth-
odology discussed above. Conditions matching these initial
limits are easily satisfied throughout the magnetosphere,
allowing for the application of this technique toward deter-
mining the composition of the equatorial magnetosphere as
well as clarifying the conditions for EMIC wave growth.

[32] In summary, a unique observation of EMIC waves by
TH-A has been presented in this paper. Fortuitous observa-
tions of the cold ions that were likely present throughout
the period of wave growth were made by taking advantage
of an enhanced flow period just shortly after the peak
EMIC wave power was observed. Using a numerical solu-
tion of the linear warm plasma dispersion relation we found
that the unstable EMIC wave mode obtained from parameters
consistent with observations has maximum growth rate just
below Qe+, 1 unstable from below ., and without a stop
band at (jy+ and thus does not fit the typical characteristics
of'the cold plasma dispersion relation. The results provide the
first observational evidence of a class of EMIC waves pre-
dicted by warm plasma theory that can be unstable within a
cold plasma stop band. As recent theoretical work has
already shown, EMIC waves that do not have a cold plasma
stop band(s) are severely damped at higher wave number
and, thus, can only interact with high-energy electrons > a
few MeV. It remains to be determined experimentally where
this class of EMIC waves occurs and the conditions of the
plasma environment that support their genesis. If these waves
are a common occurrence, their existence will significantly
alter predictions of their influence on high-energy electron
scattering.

[33] Parametric study of the density and temperature of
thermal He® further illustrated the competition between
various ion plasma species and the influences of the heavy
ion’s characteristics on EMIC wave instability, reiterating
the importance of considering individual ions’ attributes to
more accurately characterize EMIC waves. The realization
that a multispecies plasma containing low densities of thermal
He' can engender EMIC waves that are not damped at the
heavy ion’s gyrofrequency has implications for theories
seeking to quantify the effects the waves have on related pro-
cesses, such as ion heating and losses of high-energy electrons.
Investigation of additional wave and particle observations
can provide more accurate maps of heavy ion density and
temperature in the magnetosphere and the corresponding
effects on EMIC waves, even when cold plasma and com-
position measurements are impossible or hard to make.
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