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Abstract

Proton anisotropy in velocity space has been generally accepted as a major parameter for exciting electromagnetic ion cyclotron
(EMIC) waves. In this study, we estimate the proton anisotropy parameter as defined by the linear resonance theory using
data from the Van Allen Probes mission. Our investigation uses the measurements of the inner magnetosphere (L < 6) from
January 2013 to February 2018. We find that the proton anisotropy is always clearly limited by an upper bound and it well
follows an inverse relationship with the parallel proton b (the ratio of the plasma pressure to the magnetic pressure) within
a certain range. This upper bound exists over wide spatial regions, AE conditions, and resonance energies regardless of the
presence of EMIC waves. EMIC waves occur when the anisotropy lies below but close to this upper bound within a narrow
plasma b range: The lower cutoff b is due to an excessively high anisotropy threshold and the upper cutoff b is possibly due to
the predominant role of a faster-growing mirror mode instability. We also find that the anisotropy during the observed EMIC
waves is unstable, leading to the linear ion cyclotron instability. This result implies that the upper bound of the anisotropy is

due to nonlinear processes.
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Key Points:

Proton anisotropy has a clear upper bound that follows an inverse relationship with the plasma

beta within a certain range.

EMIC waves occur with an anisotropy below but close to the upper bound within a narrower

plasma beta range.

The anisotropy associated with EMIC waves is unstable to the linear instability, requiring a

nonlinear process to set the upper bound.
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Abstract

Proton anisotropy in velocity space has been generally accepted as a major parameter for exciting
electromagnetic ion cyclotron (EMIC) waves. In this study, we estimate the proton anisotropy parameter
as defined by the linear resonance theory using data from the Van Allen Probes mission. Our
investigation uses the measurements of the inner magnetosphere (L < 6) from January 2013 to February
2018. We find that the proton anisotropy is always clearly limited by an upper bound and it well follows
an inverse relationship with the parallel proton P (the ratio of the plasma pressure to the magnetic
pressure) within a certain range. This upper bound exists over wide spatial regions, AE conditions, and
resonance energies regardless of the presence of EMIC waves. EMIC waves occur when the anisotropy
lies below but close to this upper bound within a narrow plasma 3 range: The lower cutoff B is due to
an excessively high anisotropy threshold and the upper cutoff 3 is possibly due to the predominant role
of a faster-growing mirror mode instability. We also find that the anisotropy during the observed EMIC
waves is unstable, leading to the linear ion cyclotron instability. This result implies that the upper bound

of the anisotropy is due to nonlinear processes.
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1. Introduction

The anisotropic velocity distributions of charged particles have long been known to play an
important roles in the excitation of cyclotron waves in space plasmas (e.g., Kennel and Petschek, 1966;
Gary et al., 1976, 1994a,b, 2012; Kozyra et al., 1984; Hu et al., 1990; Denton et al., 1993, 1994; Chen
etal.,2011; Silinetal., 2011; Lee et al., 2017). A parameter that quantifies the anisotropy of phase space
density in velocity space is usually used to describe anisotropy-driven instability. The most popular

choice is to use a simple definition given by the ratio between the parallel and perpendicular

temperatures of the particles, (A = % — 1), which is valid in the case of the bi-Maxwellian distribution
I

function. A more general definition that can be applied to any distribution function was given by Kennel

and Petschek (1966). This definition is used in the present work (see Section 2 below).

According to the linear perturbation theory, when the proton anisotropy is sufficiently increased to
reach above a certain threshold condition by external sources, such as substorm injections or solar wind
dynamic pressure enhancements (Cho et al., 2017), the particle state becomes unstable, leading to ion
cyclotron instability thereby generating EMIC waves. EMIC waves have generally been accepted to
play a critical role in outer radiation belt dynamics by scattering relativistic electrons. Previous studies
have reported a rather low occurrence rate of EMIC waves in the Earth’s inner magnetosphere (L < 6)
during the Van Allen Probes mission era (Saikin et al., 2015; Wang et al., 2015; Noh et al., 2018).
However, there has been a substantial accumulation of both theoretical and observational support for
the EMIC wave-driven precipitation of relativistic electrons (e.g., Qin et al., 2020, and references

therein).

Precise information detailing the observational characteristics of the proton distribution in velocity
space is important to understand the EMIC wave excitation mechanism. Several studies have recently
been carried out investigating proton distributions in the inner magnetosphere. Yue et al. (2017)
investigated the characteristics of the pitch angle distributions of protons with energies of 1 eV to 600
keV near the equator. They demonstrate that the pitch angle distribution of the protons differs over

different energy ranges. Plasmaspheric (several eV) and ring current (5 — 100 keV) protons usually have
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a pancake distribution (flux peak at 90° of pitch angle). However, the warm plasma cloak (10 eV —
several keV) shows a bi-directional distribution (flux peak at both 0° and 180°) and the high energy
protons (100 — 400 keV) show a butterfly distribution. They also reported that the pitch angle
distribution can differ under various geomagnetic conditions. Artemyev et al. (2018) investigated the
radial profile of the proton temperature anisotropy in the nightside equator region. They reported that
the proton temperature anisotropy is higher at a low radial distance (L < 6) than high radial distance (L
> 6). They also found that the overall proton temperature anisotropy decreases under enhanced
geomagnetic activity, which is in turn energy-dependent. Imajo et al. (2019) investigated the proton
temperature anisotropy in a meridional plane on the nightside during moderate storms. They found that
the proton temperature anisotropy decreases statistically with radial distance, but the latitudinal

dependence was not clear.

Plasma instabilities are often expressed in terms of the relationship between the particle anisotropy
in velocity space and plasma beta (the ratio between the plasma pressure and magnetic pressure). There
have been several studies that demonstrate the marginal stability conditions for the ion cyclotron

instability in the solar wind and the magnetosphere can be expressed as an inverse relationship between

nkgT),p
BZ
210

the proton temperature anisotropy and the parallel proton beta (B, = ) (Gary et al., 1976,

1994a,b; Anderson et al., 1994; Gary and Lee 1994; Phan et al., 1994; Blum et al., 2009, 2012; Yue et
al., 2019). According to the theory, if the plasma state exceeds the threshold anisotropy for a plasma
beta that is given by the inverse relationship or vice versa, such plasma states can become unstable and
the wave is amplified as it consumes free energy, relaxing the plasma state to a lower free energy state.
However, in reality, the marginal stability conditions for trapped particles are complicated by various
plasma parameters and the presence of heavy ions (Anderson et al., 1994; Phan et al., 1994; Lee et al.,
2017; Noh et al., 2018). Thus, it is not easy to specify the limit for marginal stability with the sole use

of a simple expression describing the inverse relationship in real-space plasmas.

In this study, we quantitatively determine the proton anisotropy parameter defined by Kennel and

Petschek (1966) using long-term (from January 2013 to February 2018) measurements collected by the
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Van Allen Probes in the inner magnetosphere. Our primary goal is to examine the inverse relationship
between the proton anisotropy parameter and the parallel proton beta {3, under various conditions (e.g.
MLT, MLAT, and geomagnetic conditions), regardless of EMIC wave occurrence. Ultimately, we aim

to demonstrate the implications of the inverse relationship with regard to ion cyclotron instability.
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2. Data and methodology

The Van Allen Probe mission consists of two identical satellites (Mauk et al., 2013) which were
launched in August 2012 and completed their mission in October 2019. The orbit of the satellites
covered a radial distance from 500 km to 30,600 km at an orbital inclination of £10° which corresponds
to approximately +£20° in magnetic latitude. The line of the apsides precessed longitudinally

approximately 210°/year. The data from Van Allen Probe-A is used in this study.

In order to calculate the anisotropy parameter, we use two particle detectors to cover a wide energy
range. The Helium Oxygen Proton Electron plasma spectrometer (HOPE) covers the particle energy
from 1 eV to - 52 keV and distinguishes H+, He+, and O+ (Funsten et al., 2013). The Radiation Belt
Storm Probes Ion Composition Experiment (RBSPICE) covers the energy range from 30 keV to 600
keV and also distinguishes heavy ions (He+ and O+) using time-of-flight technology (Mitchell et al.,
2013). Both instruments provide a pitch angle resolution covering the range of 0° to 180°. The quality
of the data gathered using HOPE (release 04) has recently been improved by inter-calibration with
RBSPICE. The discrepancy between the high energy channel of HOPE and low energy channel of

RBSPICE has thus been reduced to within a factor of 2 for 94% out of entire data.

The Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) measures the
DC magnetic field in three orthogonal directions (Kletzing et al., 2013). The sampling cadence is 64 Hz.
In this study, the magnetic field intensity is used for calculating the proton beta and the 64 Hz vector

magnetic field measurements to extract EMIC waves.

As noted in Section 1, we use the definition of the anisotropy parameter defined by Kennel and

Petschek (1966):

o0 af _ af\vy
Jo VJ.(Vlla,,J_—VJ.a—,,")v—” dv

v|=vr

A=

Q)

o0
2 v, fdv
Jo vif J.|v”= or

where v, v are the particle velocity components that are perpendicular and parallel to the

background magnetic field, respectively. f is the distribution function of the particles and v, is the
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resonant velocity of the interacting particles. We use the same calculation method and criteria as those
in Noh et al. (2018). We concatenate HOPE (50eV — 52 keV) and RBSPICE (52 — 488 keV) in the order
of energy. Since HOPE has a sampling cadence of 22 seconds whereas that of RBSPICE is
approximately 10 seconds, we interpolate the RBSPICE sampling time to the HOPE sampling time.
The anisotropy parameters are calculated every minute. More details concerning the numerical

estimation of the anisotropy parameter are given in Noh et al. (2018).
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3. Spatial distribution of anisotropy parameters

The spatial distributions of the calculated anisotropy parameters are examined. We distinguish the
spatial distributions according to the level of the AE index. The AE index is used to ascertain the supply
of energetic particles via substorms and enhanced convection from the plasma sheet into the inner

magnetosphere. AE indices are sampled at the same time as the anisotropy parameter.

Figure 1(a) and 1(b) show the results for two selected energies. We emphasize that these were

obtained without considering the existence of EMIC waves. Figure 1(a) shows the equatorial
distribution of the anisotropy parameter at Ej = 10 keV (E; = %mp vy). The anisotropy parameter is

higher in the lower L region, which is roughly the case for all AE conditions. Overall, while the
anisotropy parameter slightly decreases as the AE increases, its radial gradient is steeper with increasing
AE. In particular, the anisotropy parameter at higher L on the nightside is dramatically reduced as the
AE increases. Consequently, the anisotropy parameter distribution becomes more asymmetric between
dayside and nightside at higher L. This asymmetry is not significant in the lower L region (L <4). Figure
1(b) shows the distributions of the anisotropy parameter at E; = 50 keV. While the main features are
similar to the 10 keV case, the anisotropy is quantitatively somewhat lower than the case of 10 keV.

This means that the energy dependence of the anisotropy is not reflected by a bi-Maxwellian distribution.

The spatial distributions detailing the comparison of the anisotropy with the parallel proton beta
By,p are shown in Figure 1(c). The By , increases on the duskside to the nightside at higher values of L
and under higher AE index conditions. Importantly, based on visual inspection, there is an overall trend
for an inverse relationship between the anisotropy parameter and the Bp at both energies. A detailed

discussion of the feature of this is given in Section 4.
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Figure 1 L-MLT plane distribution of (a) Kennel-Petschek anisotropy at E = 10 keV, (b) the
anisotropy at E = 50 keV, (c) the parallel proton beta and (d) the amplitude of the EMIC waves
for three AE levels using the Van Allen Probes observations from January 2013 to February 2018.
All colors in each panel indicate the averaged parameters in each L and MLT bin. The dotted

circles refer to L= 2 to 6. The radially dotted lines indicate MLT ticks at 2 h intervals.
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The ultimate aim of this study is to examine the implications of the proton anisotropies and f; , on
the EMIC wave excitation, on which we present details in the subsequent sections. For this purpose, we
identified EMIC waves using the same wave detection algorithm as that used in Noh et al. (2018). Using
this algorithm, 779 EMIC wave events were identified during the same interval used for the anisotropy
and B, statistics (January 2013 to February 2018). Figure 1(d) shows the spatial distribution of the
amplitudes of the identified EMIC waves (By). The distributions cover nearly all MLTs and largely at
L > 3. The wave amplitude increases in the high L afternoon region as the AE increases. By comparing
this with the anisotropy and Bp ; in panels 1(a) to 1(c), we find a rough trend suggesting that this region
corresponds to the overlapping region of high Bp ; and moderate anisotropy parameters. We additionally
find that the occurrence rate of EMIC waves (not shown) increases under enhanced geomagnetic
conditions (higher AE index) and is focused on the overlapping region where high Bp ; and anisotropy

occur in a similar manner as the wave amplitudes.
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4. Upper limits of anisotropy and corresponding {3, , ranges

In this section, we examine the detailed aspects of the inverse relationship between the anisotropy

parameter A and By, revealed in Figure 1. Noh et al. (2018) suggested that the ion cyclotron instability

threshold condition of Kennel and Petschek (1966) can be expressed via the inverse relation,

1(w 1
A= -2(2) ( ) 2
Sp \kva/ \ /By p 2)
. . -Q T . .
where A is the anisotropy parameter, ¢, = %, Ve = J#, k is the wave number and v, is the
th 17

Alfven speed.

We can further simplify this by incorporating the potential dependence of ¢, and % on f , into the
A
fitting parameters S and a,

S

_%.

A (3)

This formula is equivalent to the instability criterion suggested by Gary and Lee (1994) except that they

specifically determined the dependence of ¢, and % on 3 , by numerically solving the dispersion
A

relation with a fixed growth and for a bi-Maxwellian distribution that is applicable to the Earth’s

magnetosheath.

The intent to determine the extent of the overall inverse relation shown in Figure 1 is consistent
with the theoretically predicted inverse relation (3). We investigate the anisotropy parameter and 3 ,
data in Figure 1 under various conditions by distinguishing the resonance energy E; of the anisotropy
parameter, MLT sector, MLAT, and AE index conditions. We divide the MLT into four sectors
representing midnight (21 h— 03 h), dawn (03 h — 09 h), noon (09 h — 15 h) and dusk (15 h—21 h). The
MLAT is separated into two sections; that is, near-the-equator (IMLAT| < 10°) and off-the-equator

(IMLAT| > 10°). Three ranges are used for the AE index, as discussed in Section 3.



197

198

199

200

201

202

203

204

205

206

207

208

Dusk, AE 2 300 nT, E = 10 keV, |[MLAT| =10°

1.0 T T T
0.8
0.6
0.4
0.2
0.0 ! | &

6 T TIHTHI TT ITIHII ] TTTIHII T IITIITII T IIITTTII T T TTTI T T T T
\

T

T

Wave interval

T

T

norm. # of data

Anisotropy
O =~ N W A~ O

|

105 104 102 102 10" 1 10 02204060810

1 1 llllllII 1 llllllll | llllI[II | llllllll | llllllll 1 LU

By

Figure 2 Scatter plot of the anisotropy parameter at E; = 10 keV and $,, under disturbed

conditions (AE index > 300) on the dusk side near the equator. The gray and black dots in the
middle panel indicate all data points and those during EMIC wave intervals, respectively. The

solid magenta is the fit curve of the upper bound of the anisotropy parameter in the finite 3 ,
range. The B, , range of upper bound is denoted by green vertical lines. The black dashed line is
the inverse relation of the anisotropy and f; ; as suggested by Gary et al. (1994a). The orange
vertical lines are the bottom and top 10 percent of the B, in which EMIC waves are observed.
The upper panel is a histogram of the B, , values in the study, and the right panel is a histogram

of the anisotropy parameters.

Figure 2 is a scatter plot of the anisotropy parameter at Ej = 10 keV and the B , taken from Figures



209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

1(a) and 1(c) and meet the conditions, 15 h <MLT <21 h,  MLAT| < 10°, AE > 300 nT. While the gray
dots refer to all the data points from Figure 1(a) and 1(c) under this set of conditions, the black dots are
the cases in which the EMIC waves are observed. Several interesting features can be identified from
Figure 2. The most prominent feature is that there is a clear upper bound to the anisotropy parameter,
which is inversely proportional to B ,. This upper bound of the anisotropy parameter is well represented
by the inverse relationship formula in Eq. (3), with S = 0.56 and o = 0.42 (magenta curve). The range

of B p that this upper bound follows the inverse relationship is confined within a certain {3, range from
2.7x107 to 3.0 (vertical green lines) rather than the entire By , range that was measured. For reference,

the threshold curve suggested by Gary et al. (1994a) is added, with the growth rate of 10 times the
wave’s real frequency (black dashed line), which corresponds to S = 0.65 and a = 0.4 in Eq. (3). Gary
et al’s curve is similar to the upper bound curve generated in this study. This leads to the question of
whether these observations imply stable conditions for the development of ion cyclotron instability

predicted by the inverse relation. We will discuss this in the next section.

Second, EMIC waves (black dots) are observed in a 3 , range that is narrower than that of the
upper bound curve: approximately 80% of the EMIC wave events detected lie between ), = 1.7x 10"

and 5.0x10"! (vertical orange lines). Beyond this range, the occurrence of EMIC waves becomes rare.
This trend at higher B, is particularly interesting because one might expect a higher possibility of
EMIC wave occurrence for higher beta due to the lower anisotropy threshold. The result here implies
that a high beta alone does not necessarily guarantee the occurrence of ion cyclotron instability, but
rather an additional mechanism needs to be identified. We discuss this further in Section 6. Lastly, the
anisotropy parameter during the EMIC wave intervals lies in high value ranges mostly close enough to
the upper bound curve. To further address this feature, an instability test is performed and is discussed

in the subsequent section.
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Figure 3 Scatter plots for the anisotropy at E; =10 keV and f; , which are sorted by MLT sector

and MLAT (AE index > 300 nT). The top third panel from the left is same as that in Figure 3.
Each panel has the same format as Figure 3.

In Figures 3 to 5, we examine whether the three main features found above are also observed
in other spatial regions and for different AE conditions and parallel energies. Figure 3 shows the results
of the spatial dependence for four different MLT sectors and two MLAT regions. The third panel in the

first row is the same as that in Figure 2.

Figure 3 reveals several interesting features. First, we find that a well-defined upper bound of
the anisotropy is present in the form of an inverse relation in all the MLT and MLAT zones. We note
that the beta range for the upper bound curves (green vertical lines) differs in different spatial zones.
However, this is primarily due to the configuration of the magnetic field, where high beta measurements
are preferentially observed in low magnetic field regions such as near midnight and near the equator.
We also point out that the fitting coefficient S values are lower in the higher latitude zone than near the
equator, indicating that the anisotropy is overall lower in the higher latitude zone. It is interesting that
the upper bound curve (magenta line) lies well below the threshold curve (black dashed line) given by
Gary et al. (1994a). Second, the EMIC waves (black dots) are observed most frequently in the noon and

dusk sectors near the equator; only a limited percentage of the wave events are observed in the dawn
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sector, both near and off the equator. The anisotropy values of these events are mostly close to the upper
bound curves. In addition, when they are present, the occurrence of EMIC waves is limited to a specific
range of By , (orange lines) for all MLT and MLAT zones and the absence of EMIC wave occurrence
in the higher beta range is a common feature in all the spatial zones. In short, although the details are
somewhat different, there are three main features common to most MLT and MLAT zones: (i) a well-
defined upper bound to the anisotropy in the form of an inverse relation, (ii) a limited beta range for
EMIC waves with an upper cutoff beta value, and (iii) the proximity of the EMIC wave anisotropy to

the upper bounds.
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Figure 4 Scatter plots for the anisotropy at E; = 10 keV and B, for AE > 300 (left column) and

AE < 100 (right column) in the dusk (upper row) and noon (bottom row) sectors. All data are
from the near-equator (MLAT| < 10°).

Figure 4 examines the dependence on the AE index of the near-equatorial region on the noon

and duskside. Attention is particularly paid to the MLT and MLAT zones where the EMIC waves are
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most frequent. While the B , ranges are narrower under low AE conditions over the entire data set, the
By,p ranges of the EMIC waves are similar at both high and low AE conditions. Consequently, for low
AE conditions, the upper cutoff of B , for the EMIC waves almost coincides with the f) ,, ranges for
the upper bound, whereas the upper cutoff of ) , for the EMIC wave is below that of the upper bound

for the high AE. This result implies that an increase in the AE activity leads to high beta states in which
the EMIC waves are not necessarily triggered while the inverse relationship between the anisotropy and

plasma beta continues to hold.

AE index 2 300 nT, [MLAT]| < 10°, Dusk
E, =2keV E, =10 keV

UBLRALL B ELLLL B R AL R L IR L UL I A ALLL B LR RRLLL BRI AL B AL
\ \

vl vl vl i

I—'OI—‘NW-&U’lm
I
n
o

L ol vl 3 vl lIHIlllI Illllllll IR

§ 10 10“‘10"°‘10'210'1 10 10 10°107%10°102%10%10° 10
o E, =50 keV E, =98 keV
2 6 URRLLL (JIURILLLLY RO L LI LU AL A R L RRLUELL IRLEILALLY INLE L) IR 1] AL AL B LU
é 5 B \\\ N B \\\ N
4 - \\\ o | \\\ ]
S=0.35 S=10.29 \ |
g :a 0.43 : | a=o061 \\ )
2 .
0
=1

R IR AR AT MR ETT| ARTTTT SANWE I A AT vl vl vl el ek o §

10°10*10°10%10"10°10 10°10"10°107%10"10° 10
Bip

Figure 5 Scatter plots of the anisotropy parameter at E; = 2, 10, 50 and 98 keV and f, , for the

same MLT and MLAT sector with the same AE index > 300 nT. Top right panel is same as Figure
2. Each panel has the same format as Figure 2.

As noted in the Introduction, unless the distribution function of the proton is single bi-Maxwellian

distribution, the anisotropy parameter can differ by its parallel energy. We calculate the anisotropy
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parameters for a range of parallel energies that are considered suitable for the development of ion
cyclotron resonance instability. Figure 5 shows the relationship between the anisotropy parameter and

By,p for parallel energies of 2, 10, 50, and 98 keV under the same conditions as those in Figure 2 (AE

index > 300 nT, dusk sector, and [MLAT]| < 10 °). The 10 keV result in Figure 2 is repeated here for
comparison (upper right panel). Overall, the three main features identified for the 10 keV case in Figure

2 are also observed for the other energies in Figure 5.

One difference that is observed at different energies is that while the anisotropy parameters have a
clear upper bound that follows the inverse relation under all the energies, the anisotropies are higher
overall at lower energies and their upper bound curves are steeper for lower energies as well (compare
the coefficients S and o among the four energies). Note that the beta ranges are the same for all the
energies as the chosen parallel energy enters the calculation of the anisotropy parameter without
affecting the plasma beta. One further interesting feature is that the anisotropy at E; =98 keV still shows
an upper bound, but it is less clear than that at lower energies and the beta range of the upper bound is
narrower. While the proton populations at E;; = 98 keV lie within the typical resonant energy range, the
most effective energy range for the ion cyclotron instability is approximately a few tens of keV
(Meredith et al. 2003). Thus, particles at E; =98 keV can be less affected by the ion cyclotron instability
than those at lower energy. Another point to note is that the curve produced by Gary et al. (1994a) is
fixed in a manner independent of the specific energies, as the anisotropy parameter is based on single
bi-Maxwellian distribution. The upper bound at 10 keV almost coincides with the curve from Gary et
al., whereas the upper bound curves for the other parallel energies differ from the prediction in Gary et
al. In short, while the three main features in Figure 2 are present at all energies, the specific anisotropy

values and their inverse relations with 3 ;, are dependent on the resonant parallel energies, which is

unlike the simple inverse relation such as that of Gary et al. (1994a).
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5. Linear instability test

In Section 4, we found that there is generally a well-defined upper bound for the anisotropy
parameter in the form of an inverse relation with the plasma beta over a broad range of spatial locations
and AE conditions. When they occur, EMIC waves are associated with an anisotropy below (but mostly
close to) this upper bound. A question naturally arises regarding the stability of the observed anisotropic
protons. What determines the upper bound of the anisotropy in an inverse-relation way? Are the EMIC
waves with the observed proton anisotropies a manifestation of a stable state, an ongoing instability, or
a saturated state of an already grown instability? This section examines some of these questions by
testing the linear instability criterion for the development of an ion cyclotron instability with the
observed anisotropy parameter. Specifically, we utilize the discriminant for ion cyclotron instability

taken from eq. (2.23) in Kennel and Petschek (1966):

A(&— )> 1. (4)

w

As the discriminant requires the wave frequency, we can test this only when EMIC wave events occur.
Note that this criterion cannot be used to estimate the local growth rate and can only determine whether
the growth rate of the wave will be positive or negative (growing or damping). Note that the
discriminant is obtained from the assumption of an electron-proton plasma; thus, any effects caused by

the presence of heavier ions could be missing.

Figure 6 shows the estimation results of the left-hand side of Eq. (4) for the EMIC wave events
in Figure 1 using anisotropy parameters for parallel energies from 6 to 98 keV. The estimations are
determined during each EMIC wave interval and the resulting time-series curves are superposed. The
results in Figure 6 are distinguished by location, as discussed in Section 4. The horizontal gray line in
each panel indicates the linear instability threshold. Although the discriminant differs by location and
parallel energy, the superposed discriminants are all well above the threshold value. This means that
EMIC waves with the measured anisotropy parameters, which are all below the upper bound, are still

in a linearly unstable state. This implies that the upper bound of the anisotropy (at least above the EMIC
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wave beta range) is not set by the linear instability but rather requires an additional process such as a
nonlinear development. The satisfaction of the linear instability implies a continuous supply of free

energy in the form of a still anisotropic distribution to complement its consumption to drive the wave

growth.
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Figure 6 Superposed epoch analysis of the wave events for both high MLAT (MLAT| > 10°, left
column) and low MLAT ((MLAT]| < 10°, right column). The MLT sectors are defined in the same
manner as discussed in Section 4. The lines are distinguished by color which indicates the parallel
energy of the anisotropy parameter. Gray lines in each panel are the linear instability threshold.
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6. Summary and discussion

In this study, we examined the anisotropy parameter defined by Kennel & Petschek (1966) with
resonant parallel energy from 1 keV to 100 keV and B, using Van Allen Probe measurements. We
found an overall trend in that the anisotropy parameters and B , are inversely related to each other over

a wide range of spatial regions and AE conditions, regardless of the occurrence of EMIC waves. The

main results that we found are as follows,

i) The anisotropy is limited by a clear upper bound that varies inversely with ) ,, over a wide

range of locations, AE index conditions, and resonant parallel energies, regardless of the

existence of EMIC waves.

i) The clear upper bound of the anisotropy parameter exists within a certain 8 , range (~10°

2 — a few) and varies slightly with respect to location and AE index condition.

i) EMIC waves are mostly observed over a limited 3, range with lower and upper cutoff

values (approximately 10! to < 1).

iv) EMIC waves are found with anisotropies below, but mostly close to, the upper bound. This

anisotropy satisfies the linear instability criterion for the ion cyclotron mode.

Noh et al. (2018) demonstrated that the linear threshold conditions can differ significantly in terms
of the inverse relationship between the anisotropy and {3, depending on the specific plasma conditions.
It is reasonable to expect that each observed wave event has its own threshold condition according to
the plasma conditions, which can vary to a large extent from event to event. Despite this possible
diversity, the main result (i) of this study suggests the existence of a clear upper bound for the anisotropy
parameter above which nature does not allow. We suggest calling each upper bound of the anisotropy

parameter the “regional stability condition”.

The absence of EMIC waves below the lower cutoff beta value (result (iii) above) is expected

asalow B , would require a very high anisotropy threshold for ion cyclotron instability, which is hardly
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realized. Consequently, a large anisotropy can occur without EMIC wave amplification in low beta
conditions; for example, the anisotropy at E; = 10 keV near the equator on the duskside can reach 2 or
more (see Figure 2). We suggest that the usual anisotropy drivers, such as substorm particle injection
and dayside compression can hardly provide large enough anisotropies in the inner magnetosphere

where the B, is too low.

The absence of EMIC waves above the upper cutoff beta value (result (iii) above) implies that some
type of instability other than ion cyclotron instability must play a role in setting the upper bound of the
anisotropy. For the high B, region, mirror mode instability may operate more efficiently than ion
cyclotron instability and can consume free energy faster so that EMIC waves do not grow sufficiently
(Anderson and Fuselier, 1993; Gary et al., 1993; Lacombe and Belmont, 1995; Shoji et al., 2009; Yoon
and Seough, 2012). Both mirror mode and ion cyclotron instabilities are excited by the anisotropic
distribution of the protons. It has been reported that ion cyclotron instability is more dominant in lower
By,p conditions whereas higher B , conditions are favorable for mirror instabilities. Gary et al. (1993)
used the linear theory to demonstrate that the inverse relationship between anisotropy and By, for both
ion cyclotron instability and mirror mode instability crosses near {3, of approximately 1. Thus the
threshold anisotropy for the mirror mode instability is lower than that of ion cyclotron instability in a
high ), regime. Yoon and Seough (2012) have demonstrated similar results using the quasi-linear
theory that the mirror mode wave dominates the EMIC wave near the saturation stage of the waves.
Shoji et al. (2009) conducted a 3D particle-in-cell simulation of anisotropic plasmas in which they found
that the mirror mode instability efficiently relaxes the anisotropy so that the growth rate of the ion

cyclotron instability becomes weaker before saturation.

Our result (iv) implies the possibility that an additional process accompanies the linear instability
to produce the observed anisotropies during the EMIC waves. Recently, Yue et al. (2019) reported an
inverse relationship between temperature anisotropy and f; ,. They assumed that the observed proton
distributions are already in a stable state to the linear ion cyclotron mode, unlike the findings in this

study. We suggest that the upper bound of the anisotropy is possibly caused by a nonlinear saturation
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process (Gary et al., 1993; Bortnik et al., 2011; Silin et al., 2011; Min et al., 2015; Ofman et al., 2017).
Although the observed EMIC waves are linearly unstable, the clear presence of the upper bound of the
anisotropy parameter implies that there must be a saturation process for proton anisotropy in a nonlinear
stage. After the linear growth stage, amplified waves feedback to the source protons, then the
distribution of the protons modifies the growth rate. This self-consistent process results in the saturation

stage of both waves and particle distribution.

Lastly, the linear instability criterion used in Section 5 does not include the presence of heavy
ions. Helium ions can raise the threshold conditions for ion cyclotron instability (Matteini et al., 2012).
The contribution of hot He+ ions to the growth rate can depend on the relative population of hot protons
(Lee et al., 2017; Noh et al., 2018). Consideration of these hot heavy ions is therefore necessary to the

extent at which it affects the inverse relation. This will be addressed in work in progress.
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