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THEMIS analysis of observed equatorial electron distributions

responsible for the chorus excitation
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[1] A statistical survey of plasma densities and electron distributions (0.5-100 keV) is
performed using data obtained from the Time History of Events and Macroscale
Interactions During Substorms spacecraft in near-equatorial orbits from 1 July 2007 to

1 May 2009 in order to investigate optimum conditions for whistler mode chorus
excitation. The plasma density calculated from the spacecraft potential, together with in
situ magnetic field, is used to construct global maps of cyclotron and Landau resonant
energies under quiet, moderate, and active geomagnetic conditions. Statistical results
show that chorus intensity increases at higher AF index, with the strongest waves confined
to regions where the ratio between the plasma frequency and gyrofrequency, fpe/fce,

is less than 5. On the nightside, large electron anisotropies and intense chorus emissions
indicate remarkable consistency with the confinement to 8 Rg. Furthermore, as injected
plasma sheet electrons drift from midnight through dawn toward the noon sector, their
anisotropy increases and peaks on the dayside at 7 < L <9, which is well correlated with
intense chorus emissions observed in the prenoon sector. These statistical results are
generally consistent with the generation of both lower-band and upper-band chorus
through cyclotron resonant interactions with suprathermal electrons (1-100 keV). Two
typical events on the nightside and dayside are studied in greater detail and additional
interesting features are identified. Pancake distributions of electrons with energy below
~2 keV, which could be responsible for the excitation of upper-band chorus, are observed
at lower L shells (<7) on the nightside and at larger L shells (>6) on the dayside. In
addition, very isotropic distributions at a few keV, which may be produced by Landau
resonance and contribute to the formation of the typical gap in the chorus spectrum near

0.5 f.., are commonly observed on the dayside.

Citation: Li, W., et al. (2010), THEMIS analysis of observed equatorial electron distributions responsible for the chorus excitation,

J. Geophys. Res., 115, AOOF11, doi:10.1029/2009JA014845.

1. Introduction

[2] Chorus emissions are intense whistler mode waves,
which are excited in the low-density region outside the
plasmapause, in association with the injection of plasma
sheet electrons into the inner magnetosphere. Chorus emis-
sions typically occur in two frequency bands (banded cho-
rus), the lower band (0.1 f,. < < 0.5 f..) and upper band
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(0.5 foe <f<0.7 fo) With a gap at 0.5 f.., where f.. is the
equatorial electron cyclotron frequency [Burtis and Helliwell,
1969; Tsurutani and Smith, 1977; Hayakawa et al., 1984;
Koons and Roeder, 1990; Sazhin and Hayakawa, 1992;
Santolik et al., 2003; Bell et al., 2009]. The source region of
chorus waves is generally believed to be located outside the
plasmapause near the geomagnetic equator [LeDocqg et al.,
1998; Lauben et al., 2002; Parrot et al., 2003; Santolik et
al., 2003). However, Tsurutani and Smith [1977] proposed
that on the dayside chorus can also be generated at high
magnetic latitudes (20°-50°) within “minimum B pockets”
at relatively higher L shells. More recently, several studies
[e.g., Vaivads et al., 2007; Tsurutani et al., 2009] reported
observations of chorus waves with a possible source at high
latitudes on the dayside. Chorus emissions are predomi-
nantly observed during geomagnetically disturbed condi-
tions [Tsurutani and Smith, 1974; Meredith et al., 2001,
2003; Miyoshi et al., 2003] in association with enhanced
fluxes of suprathermal electrons [Anderson and Maeda,
1977; Meredith et al., 2002; Miyoshi et al., 2007].
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[3] Observations from the OGO 5 satellite showed that
equatorial chorus emissions are dominant at 0000-0900 MLT,
while high-latitude chorus emissions are only found on the
dayside with the maximal occurrence at 1200 MLT [Burton
and Holzer, 1974; Sazhin and Hayakawa, 1992]. More
recent studies [Meredith et al., 2001; Meredith et al., 2003;
Bortnik et al., 2007; Li et al., 2009a] showed that nightside
chorus waves are confined to the equatorial region at
magnetic latitudes below 15°, while strong dayside chorus
emissions can extend to latitudes above 30°. Li et al.
[2009a] also found that the occurrence rate of dayside
chorus is higher than that on the nightside and dayside
chorus can extend to larger radial distances compared to the
nightside chorus (which is confined within 8 Rg), consistent
with Tsurutani and Smith [1977]. Although the excitation
mechanism for upper-band chorus remains debatable [e.g.,
Hashimoto and Kimura, 1981; Horne et al., 2003a], it has
been generally accepted that lower-band chorus waves can
be generated through a cyclotron resonance with anisotropic
electrons with energies between a few and tens of keV [e.g.,
Kennel and Petschek, 1966; Kennel and Thorne, 1967,
Tsurutani and Smith, 1974; Nunn et al., 1997; Chum et al.,
2007; Katoh and Omura, 2007a, 2007b; Omura et al.,
2008]. Therefore evaluating electron distributions in this
energy range should provide a better understanding of the
generation and global distributions of chorus waves.

[4] An investigation of chorus wave normal angles was
performed by several studies in the equatorial magneto-
sphere. Goldstein and Tsurutani [1984] and Hayakawa et
al. [1984] have shown that the wave normal at lower fre-
quencies (< 0.3 f;.) tends to be field-aligned. Using OGO
5 data, Burton and Holzer [1974] reported that wave nor-
mal distributions for unducted chorus near the equator is
symmetric around 0° and confined within a cone angle of
20°. However, analyses of wave normal angles for upper-
band chorus have led to widely diverse results, ranging
from essentially field-aligned [e.g., Lauben et al., 2002] to
highly oblique with wave normal angles close to the reso-
nance cone [e.g., Hayakawa et al., 1984; Muto et al., 1987].
More recently, Breneman et al. [2009] reported that cor-
relation regions close to the magnetic equator emit lower-
band chorus with wave normal angles generally confined
within 20°, while upper-band chorus is generally found at
higher wave normal angles of between —20° and —40°, and
at 50°. Despite above reported studies, general agreement
on chorus wave normal distributions has not been reached,
and this controversial topic remains for further investiga-
tion. However, because upper-band chorus emissions gen-
erally exhibit a strong fluctuating magnetic field component
[e.g., Tsurutani and Smith, 1974; Lauben et al., 1998], we
assume that chorus waves are electromagnetic for the pur-
pose of evaluating typical resonant electron energies. This
is later confirmed in our case study analysis on the dayside.

[5] Electron distributions responsible for chorus genera-
tion have been studied previously, but comprehensive
information on the resonant electron distributions responsi-
ble for chorus excitation has still not been extensively
available yet. Very few spacecraft in the dominant regions
of chorus generation have been equipped to observe both
waves and particles. An extensive study by Tsurutani et al.
[1979] using OGO 5 data showed that the correlation
between chorus activity and energetic (>55 keV) electrons is
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more typical for equatorial chorus, while for dayside high-
latitude chorus no such correlation was observed. Later,
Isenberg et al. [1982] reported simultaneous observations of
electrons in the range of 10-100 keV and chorus activities
on the dawnside using SCATHA data and concluded that
dawnside chorus is generated by substorm-injected, aniso-
tropic electrons with energies between 10 and 100 keV.
More recently, using CRRES data, statistical analyses by
Bortnik et al. [2007] and Meredith et al. [2009] have also
captured important characteristics of the global distribution
of electron fluxes. Perpendicular electron fluxes (0.213—
16.5 keV) observed by CRRES, categorized by various
levels of magnetic activity, showed little dependence on
MLT during quiet times (4E < 100 nT) but pronounced
electron flux enhancements on the nightside and penetration
toward lower L shells during disturbed times [Bortnik et al.,
2007] due to enhanced convection electric fields [e.g., Korth
et al., 1999]. Consequently, the global distribution of elec-
tron fluxes shows pronounced day-night asymmetry, with
almost an order of magnitude drop in flux between midnight
and noon. However, the data coverage of CRRES was
limited for evaluating the global distribution of electrons
which are responsible for chorus generation, since the
CRRES orbit was confined to 7 Rg with a pronounced data
gap in the prenoon equatorial sector at L > 5; a region where
chorus waves are intense with a high occurrence rate [Li et
al., 2009a]. Denton et al. [2005] performed a statistical
analysis using LANL data in the geosynchronous orbit and
found that the anisotropy of hot electrons (30 eV—45 keV)
on the dayside was generally larger than that on the night-
side. More comprehensive information on the injected
electron phase space density (PSD) and anisotropy over the
entire inner magnetosphere is required to understand the
global distribution of chorus excitation and its effect on
energetic radiation belt electrons [Meredith et al., 2001;
Summers et al., 2002; Horne and Thorne, 2003; Horne et
al., 2003b, 2005; Meredith et al., 2003; Albert, 2005; Li
et al., 2007; Thorne et al., 2007; Li et al., 2009a].

[6] The main objective of this study is to present statistical
results of the global distribution of electron pitch angle
distributions (PADs) near the equator between 5 and 10 Rg,
in the region which has not been completely covered by
previous spacecraft, in order to further identify the mecha-
nism for the chorus wave excitation. In section 2, we briefly
describe the data available from the Time History of Events
and Macroscale Interactions During Substorms (THEMIS)
spacecraft. Statistical results of plasma densities and mini-
mum resonant energies are presented in section 3 to evaluate
electron energies responsible for potential chorus excitation
and damping. In section 4, we show global distributions of
the electron PSD and anisotropy for various levels of
magnetic activity. Two typical chorus events are discussed
in section 5 in order to identify interesting features of the
electron distributions responsible for the wave excitation on
the nightside and dayside in greater detail. In section 6 we
summarize and discuss the principal results of the present
study.

2. THEMIS Data

[7] The THEMIS spacecraft, comprising five probes in
near-equatorial orbits with apogees above 10 Rg and peri-
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gees below 2 Rg [Angelopoulos, 2008], are ideally situated
to measure chorus emissions and corresponding electron
distributions in the equatorial magnetosphere. Electron
PAD data for lower energies (a few eV up to 30 keV) are
collected by the Electro-Static Analyzer (ESA) [McFadden
et al., 2008], and the Solid State Telescope (SST) can mea-
sure electron PADs from 25 keV to 1 MeV [4ngelopoulos,
2008]. The Fluxgate Magnetometer (FGM) [Auster et al.,
2008] measures background magnetic fields and their
low-frequency fluctuations (up to 64 Hz) in the near-Earth
space. FGM data in this study are utilized to evaluate local
electron cyclotron frequencies in order to scale chorus
frequencies. The Search-Coil Magnetometer (SCM) [Roux et
al., 2008; Le Contel et al., 2008] measures low-frequency
magnetic field fluctuations and waves in three orthogonal
directions over a frequency range from 0.1 Hz to 4 kHz. The
Electric Field Instrument (EFI) provides waveforms and
three-axis spectral measurements of ambient electric fields
from DC up to 8 kHz. Individual sensor potentials are also
measured, providing on-board and ground-based calcula-
tion of spacecraft floating potentials and high-resolution
plasma density measurements [Bonnell et al., 2008]. The
total electron density is inferred from the spacecraft poten-
tial and electron thermal speed measured by the EFI and
ESA instruments, respectively, including the cold plasma
population in addition to the hot plasma component mea-
sured by ESA. The electron density outside the plasma-
pause is calibrated by a statistical comparison with 1-year
(2008) ESA observations for each spacecraft, while the
plasmasphere density is estimated by fitting the statistical
density profile given by Sheeley et al. [2001]. Details of the
method are described by Mozer [1973] and Pedersen et al.
[1998], and the obtained electron densities are associated
with an uncertainty generally within a factor of ~2. The
SCM and EFI output waveforms are digitized and pro-
cessed by the Digital Fields Board (DFB) [Cully et al.,
2008]. The resulting amplitude of the electric field paral-
lel to the longer pair of antenna in the spin plane and the
magnetic field perpendicular to the electric field in the spin
plane is filtered through multiple passbands (filter bank
data). Subsequently, it is included in the survey mode
telemetry, covering most orbits with a measurement
cadence of 4 s in six logarithmically spaced frequency
bands in a range of ~2 Hz—4 kHz. Both search coil and
electric field telemetry include waveforms and FFT pro-
cessed data. For particle burst data, the wave spectral
density is obtained with a higher frequency resolution (up
to 64 bands). Equipped with the high-quality electric field
instrument (EFI), magnetic field instrument (SCM), and
particle instruments (ESA and SST), the THEMIS space-
craft offer an excellent opportunity to study characteristics
of whistler mode waves and corresponding electron dis-
tributions in the dominant chorus source region.

3. Statistical Analysis of the Plasma Density
and the Electron Resonant Energy

3.1. Global Distributions of the Plasma Density

[8] The plasma density plays an important role in control-
ling chorus generation, since it affects the minimum electron
resonant energy for a given wave frequency. Since chorus
waves are generated outside the plasmapause, equation (1)
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[Moldwin et al., 1994; Sheeley et al., 2001] is used to dis-
tinguish between plasmaspheric and trough-like densities

ny = 10 x (36)4 (1)

Plasma densities at or above n, for a given L shell are
considered to be plasmaspheric and are excluded from this
study, while values below n, are considered to be trough-
like. Figure la shows the global distribution of the trough-
like plasma density observed between 5 and 10 Rg at all
MLTs categorized by different levels of magnetic activity.
Plasma density data obtained in the chorus source region at
latitudes smaller than 10° are first mapped to the magnetic
equator using a dipole magnetic field model (with an
uncertainty of AL < 0.3, compared to Tsyganenko 96
magnetic field model [Tsyganenko and Stern, 1996]). Then
the density data are binned as a function of L in steps of
0.2 L and MLT with an interval of 1 h, and the value in
each bin represents the mean density. Generally, the plasma
density on the dayside is larger than that on the nightside,
peaking in the postnoon sector due to the presence of
plumes. Even though the density data in each bin tend to
only include trough-like density, it is possible to observe
the effects of plasmasphere erosion and plume formation
with the increasing AE. It is also interesting to note that
during geomagnetically active times (4E > 300 nT), the
plasma density on the nightside at L shells between 6 and
8 is larger than that during quiet times, which is probably
due to the injection of plasma sheet electrons. The plasma
density in the geosynchronous orbit is about 2 cm ™ at
midnight, ~3 cm > at noon, and peaks around 1800 MLT
with ~5 cm >, roughly consistent with the result of Sheeley
et al. [2001].

[s] Figure 1b shows the global distribution of the ratio
(mean value) of the plasma frequency to the electron
cyclotron frequency (fp/fce), Which is also mapped to the
equator using data measured at latitudes less than 10°.
Electron cyclotron frequencies are calculated from in situ
magnetic field data measured by the FGM instrument.
Interestingly, although the plasma density increases from
midnight through dawn to the noon sector, the ratio, fpe/fee
decreases, particularly at L > 7, due to the dominant effect of
increasing electron cyclotron frequencies caused by the
magnetospheric compression on the dayside [e.g., Li et al.,
2009a]. On the nightside, fyc/fec is higher at larger L
shells mainly due to the weaker background magnetic field,
while in the prenoon sector the ratio is roughly independent
of L. It is interesting to note that the most intense chorus
waves (Figure 1c) are observed in regions where the ratio
Jpelfee is smaller than ~5, i.e., at L <7 on the nightside and
at relatively higher L shells (>7) in the prenoon sector. Here
we need to mention that the absolute number of 5 is an
approximate value, since density values obtained from the
THEMIS data contain uncertainties (generally within a
factor of ~2). Santolik et al. [2005] performed a statistical
survey using Double Star TC-1 spacecraft to investigate
dawn chorus (mainly from 0600 MLT to 1200 MLT) and
showed that chorus intensity increases at L shells above 6,
with an extension of lower-band chorus up to L of 11-12.
These regions associated with strong chorus from the dawn
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AE > 300 nT

Density (cm™)

Figure 1. Global distributions of (a) mean plasma density (cm™>), (b) mean value of the ratio of plasma
frequency to the local electron cyclotron frequency, and (c) RMS wave amplitude (pT) at different levels
of the AE index. All data are for the equatorial distribution at magnetic latitudes less than 10° and shown

in regions between 5 and 10 Rg at all MLTs.

to the noon sector are consistent with regions containing
low fe/fce, generally less than 5.

3.2. Global Distributions of the Minimum Resonant
Energy

[10] Electrons undergo adiabatic gyro, bounce, and drift
motion in the radiation belts. The first adiabatic invariant
of the electron motion can be violated through resonant
interactions with plasma waves whose frequencies (w = 27f)
are Doppler-shifted to a multiple (n = 0, £1, £2, ...) of the
relativistic electron gyrofrequency. This resonance condition
is expressed as

wik//v// :n|Qe|/’Vv (2)

where v = [1 — (v/c)*] "% is the relativistic factor, v is the
electron velocity, ¢ is the speed of light, IQ.| = 27f.., and
k;, and v, are components of the wave propagation vector
and particle velocity along the ambient magnetic field [e.g.,
Thorne et al., 2005].

[11] First-order cyclotron (n = 1) and Landau (n = 0)
resonant interactions mainly control growth and damping
rates of whistler mode waves [Kennel and Petschek, 1966;
Kennel and Thorne, 1967]. For chorus waves with fre-
quencies of wiy € w < Q¢ (wry is the lower hybrid fre-
quency) and propagating with a wave normal angle of 6, the

well-known quasi-longitudinal whistler dispersion relation
[Stix, 1962] is

wf,e % (3)
W, (cost —w/Q,)’

n? =~

where 7 is the refractive index and wy, is the plasma fre-
quency. Consequently, the minimum energy for nonrela-
tivistic electrons which undergo the first-order cyclotron
resonance with parallel propagating chorus can be expressed
as

202 Q }
ECyclotron _ MeC™ 35, Sie (1 . ﬁ) ’ (4)

min 2 w}z)g w
where m, is the electron mass.
[12] Similarly, the minimum energy for electrons which
experience Landau resonance through oblique chorus waves
with a wave normal angle of  is obtained as
pLandau _ me> O w (cosb —w/Qe 5)
min 2 W;Z;e Q. cos2d ’

The statistical results in Figure 1b are used to calculate the
minimum resonant energies for the first-order cyclotron and
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Figure 2. Global distributions of the mean electron minimum energy (keV) for the cyclotron resonance
with parallel propagating chorus waves with different frequencies ((a) 0.55 f;., (b) 0.4 f.., (¢) 0.3 f.., and
(d) 0.2 £..)). Left, middle, and right columns indicate minimum resonant energy at different levels of the

AE index.

Landau resonance through equations (4) and (5). Upper-
band chorus tends to have a peak intensity near 0.55 f,
while lower-band chorus peaks at 0.3-0.4 f. on the night-
side and at 0.2-0.3 f;. on the dayside [e.g., Bortnik et al.,
2007; Shprits et al., 2007]. Figure 2 shows statistical results
of the minimum energy (mean value) for the first-order
cyclotron resonance at different frequencies during various
levels of magnetic activity. Figure 2a is for the upper-band
chorus with a frequency of 0.55 f.. and Figures 2b, 2c,
and 2d are for the lower-band chorus with frequencies of
0.4 fee, 0.3 foo, and 0.2 f... At each frequency, the minimum
cyclotron resonant energy tends to be larger over a broad
range of L shells in the prenoon sector and at low L shells
(L < 6) on the nightside. In addition, the minimum resonant
energy exhibits a slight increase at higher AE. Electrons
resonating with upper-band chorus contain small resonant

energies between 500 eV and a few keV. For lower-band
chorus, minimum resonant energies are considerably larger
(>10 keV) and increase with decreasing wave frequencies
(see equation (4)). It is important to note that for typical
nightside chorus waves with amplitudes peaking around
0.3 f.., the minimum resonant energies are generally less
than ~30 keV, while for the typical dayside chorus peaking
around 0.2 f. the minimum resonant energy could be as
high as 100 keV.

[13] Similarly, Figure 3 shows the global distribution of
the minimum electron energy of the Landau resonance for
various wave frequencies obtained by using equation (5)
categorized by the AF index. Here we assume that waves
are propagating with a wave normal angle of 30°, where the
Landau resonance starts to dominate [Kennel, 1966; Kennel
and Thorne, 1967]. For the entire range of chorus emis-
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E;?:"a“ (keV)

Figure 3. The same format as Figure 2 but for the mean electron minimum energy (keV) for the
Landau resonance when chorus waves propagate with a wave normal angle of 30°.

sions, the minimum Landau resonant energy exhibits little
dependence on wave frequency and generally lies in a range
of a few keV in spatial regions where chorus is most intense
(Figure 1lc). These computed minimum resonant energies
will be used in section 4 as a proxy to evaluate the
corresponding electron distributions responsible for the
chorus excitation.

4. Statistical Analysis of the Electron Phase Space
Density and the Pitch Angle Anisotropy

[14] The theory of particle drift motions in a distorted
magnetosphere has been reviewed by Roederer [1967] and
Roederer and Schulz [1969]. Conservation of the first adi-
abatic invariant requires that equatorially mirroring particles
move along contours of constant equatorial magnetic field.
On the other hand, particles mirroring far from the equator
tend to drift so as to keep the length of their bounce paths

about the same while preserving the value of the magnetic
field at their mirror points. Consequently, in a distorted
terrestrial magnetic field, particles originating near midnight
with pitch angles near 90° move to a larger radial distance,
as they are transported toward the dayside, while particles
with pitch angles near the loss cone remain at roughly the
same radial distance to the Earth [e.g., Sibeck et al., 1987].
Owing to the magnetopause shadowing, a pronounced
reduction in particle fluxes near 90° pitch angles is generally
observed on the nightside for high-energy electrons for
which the magnetic drift is dominant. Such “butterfly dis-
tributions,” originating due to the effects of drift shell
splitting, are usually apparent outside 6 Rg throughout the
nightside [West et al., 1973; Sibeck et al., 1987]. In the inner
magnetosphere, particle PADs tend to peak at 90° and fall
off smoothly toward smaller pitch angles. Such PADs
with positive anisotropies, resulting from the particle pitch
angle diffusion and the loss of particles with low pitch
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Figure 4. Global distributions of the averaged electron
anisotropy and omni-directional electron PSD (s*>/m®) dur-
ing quiet times when AE* < 100 nT for electrons with dif-
ferent energies ((a) 0.5-2 keV, (b) 2-10 keV, (c) 10-30 keV,
(d) 30-100 keV)).

angles by precipitation into the atmosphere, tend to be
formed throughout the dayside magnetosphere, as well as
on the nightside within 6 Ry of the Earth [Sibeck et al.,
1987].

[15] Highly anisotropic electron PADs narrowly peaking
near 90°, are called pancake PADs based on their appear-
ance in velocity space [Meredith et al., 1999]. These pan-
cake PADs are only observed near the magnetic equator
because electrons with pitch angles in a range between 70°
and 110° mirror within +10° of the magnetic latitude. Sev-
eral reasons have been proposed to explain pancake PADs.
Lyons et al. [1972] described how whistler mode wave-
particle interaction could result in pancake electron PADs.
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Meredith et al. [1999] showed that pancake distributions
develop from freshly injected distributions on a timescale
greater than 2 h. This newly injected population is fre-
quently associated with strong electrostatic electron cyclo-
tron harmonic (ECH) waves and whistler mode waves. The
pancake distributions are therefore likely to be caused by a
combination of whistler mode and ECH wave activities.
Meredith et al. [1999] suggest that whistler mode waves
play a dominant role in the formation of pancake distribu-
tions outside L = 6.0, whereas inside L = 6.0 and, in par-
ticular, in the vicinity of the plasmapause, ECH waves also
play a significant role.

[16] In this study, THEMIS ESA and SST data are used
to provide a global picture of equatorial (IMLATI < 10°)
electron PADs in the chorus source region between 5 and
10 Rg. Figures 4, 5, and 6 show statistical analyses of the
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Figure 5. The same as Figure 4 but when 100 < AE* <
300 nT.
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Figure 6. The same as Figure 4 but when 4E* > 300 nT.

global distribution of the averaged electron anisotropy
(left column) and omnidirectional electron PSDs (right
column) at appropriate energies responsible for the chorus
generation (a: 0.5-2 keV; b: 2-10 keV; c: 10-30 keV;
d: 30-100 keV) during quiet (4E* < 100 nT), moderately
active (100 < AE* < 300 nT), and highly disturbed (4E£* >
300 nT) conditions. Here AE* is the mean value of the AE
index during the previous 1 h. In Figures 4, 5, and 6, top
panels are presumably corresponding to electron energies
responsible for the upper-band chorus, and bottom three
panels are mainly for the lower-band chorus. The electron
distribution data are obtained at magnetic latitudes less than
10° with a bin size of 0.5 L x 1 MLT, and the value in
each bin represents the mean value. Here electron PSD is
calculated from the averaged electron energy flux in the
specified energy range and electron anisotropy is calculated
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for a fixed electron kinetic energy (mean value in the
specified energy range) [e.g., Chen et al., 1999] as follows:

4D "2 £(E, ao) sin® apdag | "
2 f(;r/zf(E7 OZ()) cos? Qg sin aodao '

where « is the equatorial pitch angle, E is the kinetic
energy, and f is the electron PSD. 4 = 0 corresponds to
pitch angle isotropy, 4 > 0 represents PADs peaking at 90°,
while 4 < 0 indicates a PSD minimum at 90°.

[17] Under quiet conditions (Figure 4), the electron PSD
remains relatively small at all locations, and there is a
modest decrease in PSD at energies less than 10 keV along
expected drift trajectories from the nightside toward the
dayside. Preferential loss of electrons with lower pitch angles
by precipitation into the atmosphere is probably responsible
for the observed increase in electron anisotropy on the day-
side. At higher energies (>10 keV), where the magnetic
gradient drift becomes important, there is a much more pro-
nounced increase in pitch angle anisotropy on the dayside at
L > 7, due to drift shell splitting. At even higher energies
shown in Figure 4d (30—100 keV) electron PSDs show little
MLT dependence, and electron PADs at L > 7 evolve from
negative anisotropy at night to strongly positive 4 on the
dayside due to drift shell splitting.

[18] Under moderately active conditions (Figure 5) and
extremely disturbed times (Figure 6), the electron PSD on
the nightside increases dramatically compared to that at the
quiet times due to the enhanced electron injection from the
plasma sheet. Interestingly, the PSD at noon remains com-
parable to that during quiet conditions, leading to a much
stronger day-night asymmetry of the global distribution of
the electron flux particularly for the lower-energy electrons
(<30 keV). For electrons with energies of 1-30 keV, which
mainly contribute to the nightside chorus generation,
anisotropy becomes larger on the nightside at L < 8 during
higher geomagnetic activity and thus provide a source of
free energy for the cyclotron resonant generation of the
strong chorus emissions confined within ~8 Rg (Figure 1c).
On the dayside, where the typical cyclotron resonant energy
of lower-band chorus is 10-100 keV (Figure 2), resonant
electron anisotropy is strongly enhanced in the prenoon
sector at L > 7 (Figures 5c, 5d, 6¢, and 6d), again consistent
with the spatial region of most intense chorus emissions
(Figure 1c). Furthermore, on the dayside, the decrease in
electron PSD is less pronounced for higher-energy elec-
trons (Figures 5d and 6d). Interestingly, for 30-100 keV
electrons located in the prenoon sector, anisotropy builds
up at 6.5-10 Rg, while a substantial increase in PSD
compared to that at quiet time (Figure 4d) is identified at 5—
9 Rg. The combination of the above two facts could pro-
duce strong lower-band chorus waves in the prenoon sector
peaking around 8 Rg, consistent with the chorus distribution
shown in Figure Ic.

[19] Under geomagnetically active conditions, when
intense waves are present, the omnidirectional electron PSD
decreases dramatically from midnight through dawn to noon
for low-energy electrons (0.5-10 keV) presumably due to
pitch angle scattering close to the strong diffusion limit by
chorus waves [e.g., Ni et al., 2008; Su et al., 2009]. For
these low-energy electrons (0.5-10 keV), the convective
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drift time is several hours [Chen and Schulz, 2001a, 2001b],
which is considerably larger than the timescale (<1 h) of
strong diffusion [e.g., Summers and Thorne, 2003]. Con-
sequently, the electron PSD decreases substantially during
the drift from midnight through dawn to noon. In addition,
dominance of the electric drift for low-energy electrons
prevents them from drifting across the noon meridian, and
most of them are transported toward the dayside magneto-
pause where these particles are ultimately lost. At higher
energies (>10 keV), the magnetic gradient drift dominates,
allowing injected electrons to be transported closer to the
noon sector. At even higher energies (30—100 keV), it is
important to note that the electron PSD becomes essentially
independent of MLT. For these electrons, the gradient drift
time from midnight to noon is less than 1 h, which is shorter
than the typical timescale of scattering by waves [Ni et al.,
2008]. Loss to the atmosphere is therefore slower than
magnetic drift for these high-energy electrons, facilitating
them to drift around the entire dayside. Such high-energy
electrons are also subject to drift shell splitting, which leads
to the large anisotropy in the prenoon sector.

[20] During active geomagnetic conditions, electron anisot-
ropy generally increases from midnight through dawn to the
noon sector except for a limited energy range near a few
keV, which show small positive anisotropies (Figure 6b)
especially in the prenoon sector. This characteristic fea-
ture is clearly shown and further discussed in the event
study on the dayside in the next section. Interestingly, such
electrons could undergo Landau resonance with the excited
chorus emissions, as we discussed in section 3, suggesting
that Landau resonance could be the cause of the weak
anisotropies.

5. Event Studies on the Nightside and Dayside

[21] In order to support the above statistical analysis of the
global distribution of electron PADs responsible for chorus
generation and to provide more information on the wave
excitation process, two typical chorus events observed on
the nightside and dayside are analyzed in detail below.

5.1. Nightside Event

[22] Figure 7 shows the time evolution of the AE index
(Figure 7a), omnidirectional electron energy flux (Figure 7b),
and anisotropy (Figure 7c) observed on 6 December 2008
by THEMIS D in the postmidnight sector, together with
filter bank data of wave electric fields (Figure 7d) and
magnetic fields (Figure 7e) recorded by EFI and SCM. The
three white lines represent equatorial £, 0.5 fce, and 0.1 f.
The plasma density inferred from the spacecraft potential
and minimum resonant energy of cyclotron resonance for
various wave frequencies are shown in Figures 7f and 7g,
respectively. After ~0315 UT, a pronounced enhancement in
electron energy flux occurs for energies between ~1 keV
and a few tens of keV due to an injection from the plasma
sheet, associated with the increase in AE. At energies larger
than 5 keV, the injected electrons exhibit high anisotropy.
Simultaneously, intense chorus waves are observed in both
electric and magnetic instruments. The freshly injected
electrons are initially highly anisotropic (4 > 1), but the
anisotropy is gradually reduced presumably due to quasi-
linear relaxation during resonant interactions with the
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excited waves. As the electron fluxes are reduced and
electron PADs become more isotropic after 0440 UT,
chorus wave amplitudes also diminish. Six snapshots
(indicated by black vertical arrows) of the ESA data have
been selected to show the detailed electron PADs for various
energies (Figure 7h). These particular six snapshots are
chosen in order to show the clear variation in both wave
amplitude and electron pitch angle distribution and include
particular cases where particle burst data are available. We
select 18 energy channels on a logarithmic scale between
100 eV and 200 keV, which are potentially important in the
generation of chorus waves. At 0301:50 UT, low-energy
electrons (<2 keV) exhibit pronounced pancake distribu-
tions, while high-energy electrons (>20 keV) responsible
for chorus generation are relatively isotropic, which results
in weak chorus waves. At 0317:60 UT, there is a clear
injection of electrons with energy >10 keV, associated with
the intensification of chorus waves. Between 0324 and
0344 UT (see the red arrow), particle burst data are avail-
able to provide a high time resolution on fluctuating electric
and magnetic fields shown in Figures 8a and 8b. Both
lower-band and upper-band chorus are clearly observed
at 0327:42 UT, when the minimum resonance energy for
the cyclotron resonance with the lower-band chorus (0.2—
0.4 f..) is 3-20 keV and ~1 keV for the upper-band chorus
(0.55 f..), as shown in Figure 7g. The anisotropic distri-
bution (4 > 0) of ~1 keV electrons may be responsible for
the generation of upper-band chorus, while the anisotropic
distribution (4 > 0) of electrons with energies from a few to
25 keV is able to produce the strong lower-band chorus.
Interestingly, a very isotropic distribution is found around
a few keV, comparable to the Landau resonant energy
and might be directly associated with the wave intensity
minimum around 0.5 f;. (Figure 8). At 0340:38 UT, when
the distribution of ~1 keV electrons becomes more iso-
tropized, upper-band chorus disappears correspondingly,
while lower-band chorus is still present in association with
the anisotropic distribution (4 > 0) of 5-25 keV electrons.
This result is consistent with the earlier finding of Santolik
et al. [2005], who demonstrated that upper-band chorus is
confined closer to the Earth, while lower-band chorus can
extend to larger L shells. As the electron PSD decreases
and becomes more isotropic at 0522:44 UT with the lower
AE, chorus waves become weaker.

5.2. Dayside Event

[23] Figure 9 shows a dayside event observed by THE-
MIS A on 26 July 2008 in the same format as Figure 7.
Compared to the nightside event, the dayside electron flux
is much lower particularly for lower-energy electrons
(<30 keV), and the amplitudes of chorus waves are corre-
spondingly weaker, in association with the lower AFE
(Figure 9a). The intensification of chorus waves between
1340 and 1600 UT is associated with an increase in
anisotropy for electrons with energies of 10-100 keV at L >
8. Interestingly, pronounced pancake distributions with very
high anisotropy for low-energy electrons (0.1-2 keV) are
commonly observed at L shells larger than 6, consistent
with the statistical results shown in Figures 5a and 6a. Such
distributions, which could lead to the excitation of upper-
band chorus, can be produced during convective transport
toward the dayside by the preferential scattering loss of
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Figure 7. (a) AE index and ((b) and (c)) the time evolution of the omnidirectional electron energy
flux (eV/ecm?/s/sr/eV) and anisotropy for various energies (100 eV—200 keV) from 0230 to 0530 UT
on 6 December 2008 observed by Time History of Events and Macroscale Interactions During Sub-
storms (THEMIS) D. (d) and (e) Amplitudes of wave electric and magnetic fields from the filter bank
data given in units of mV/m and nT, respectively. The three white lines represent the equatorial elec-
tron cyclotron frequency (f.) (dashed), 0.5 £, (solid), and 0.1 f;. (dash-dotted). (f) Total plasma den-
sity (cm ™) inferred from the spacecraft potential. (g) Minimum electron energy for cyclotron resonance
with chorus waves of various frequencies (black: 0.2 f., blue: 0.3 £, green: 0.4 .., and red: 0.55 f..). The
horizontal red arrow indicates the time period when particle burst data are available. (h) Six vertical
black arrows represent six snapshots, which show the time evolution of the electron PSD as a function
of the pitch angle for 18 different energy levels (0.123—-154.289 keV).

electrons at low pitch angles during resonant interactions
with chorus waves [Ni et al., 2008; Su et al., 2009]. Fur-
thermore, owing to drift shell splitting, anisotropic dis-
tributions (4 > 0) are expected to form at higher energies
(>10 keV) in the prenoon sector (Figures 4c, 4d, 5c, and 5d).
Interestingly, there is clear evidence of a very isotropic
PAD (weak anisotropy shown in Figure 9c) for electrons

of 1-5 keV. These isotropic distributions are more clearly
shown in Figure %h and could be related to Landau reso-
nance, occurring in the same energy range.

[24] Here we also select six snapshots (indicated by black
vertical arrows) to show electron PADs in more detail
(Figure 9h). Inside the plasmasphere at 1237:26 UT, reso-
nant electrons (>0.5 keV) exhibit very isotropic distribu-
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Figure 8. Spectrograms of (a) wave electric field and (b) magnetic field power spectral densities
measured by EFI and SCM (particle burst mode available in the nightside event shown in Figure 7)

in units of V>’m ?Hz ! and nT?Hz !

. Three white lines indicate equatorial f.. (dashed), 0.5 f.. (solid),

and 0.1 f;. (dash-dotted). The black arrows represent the corresponding times when electron distribution

data are shown in Figure 7g.

tions, and no chorus waves are observed simultaneously. At
1317:28 UT just outside the plasmapause, lower-band
chorus is very weak due to the low anisotropy of cyclotron
resonant electrons (5-30 keV) (Figure 9g). As THEMIS A
moves progressively toward larger L shells, pronounced
pancake distributions (Figure 9h) are frequently observed at
low energies (<2 keV), which are associated with the res-
onance with the upper-band chorus. There is also clear
evidence of weak anisotropy and even the existence of
slightly inverted population (positive gradient of PSD in
energy with Of/OE > 0) at energies around a few keV.
Between 1415 and 1424 UT, particle burst data are avail-
able in both wave electric and magnetic fields with high
frequency and time resolutions (Figure 10), which clearly
indicates the intensification of both lower-band and upper-
band chorus. Here the intensification of both electric and
magnetic fields implies that both lower-band and upper-
band chorus are electromagnetic waves during this time
interval. At 1423:07 UT, the cyclotron resonant energy for
the lower-band chorus (0.2-0.4 f..) is 10-50 keV, while it
decreases to ~2 keV for the upper-band chorus (0.55 f..), as
shown in Figure 9g. At 1423:07 UT, the anisotropy of low-
energy (~2 keV) electrons is large enough to produce the
upper-band chorus, and the anisotropic distribution of 5—
50 keV electrons can produce lower-band chorus. Later, at
1639:13 UT and 1746:29 UT, electron PADs become more
isotropic at energies of a few to 50 keV, and chorus waves
also become weaker.

6. Summary and Discussions

[25] ESA and SST data from the THEMIS spacecraft have
been analyzed to construct a global statistical model of
electron pitch angle anisotropy and PSD at various electron
energies responsible for the chorus excitation. The main
results of our study can be summarized as follows:

[26] 1. Strong chorus waves are confined to regions where
the ratio between the plasma frequency and gyrofrequency
(fpe/fce) 18 less than 5 (with an uncertainty of a factor of ~2).

Typically, these regions are found within 7 Rg on the
nightside, but extend to 10 Ry in the prenoon sector.

[27] 2. The typical minimum resonant energies for the
cyclotron resonance with lower-band chorus waves on the
nightside ranges from a few to tens of keV and up to
100 keV on the dayside. Upper-band chorus resonates with
electrons at much lower energies between 0.5 and a few
keV.

[28] 3. On the nightside, large positive electron anisotropy
is only observed at L < 8, which is remarkably consistent
with the location of intense nightside chorus. Dayside
lower-band chorus is generated by cyclotron resonance with
10-100 keV electrons. Such electrons are associated with a
less significant flux drop from midnight toward noon,
together with a pronounced increase in anisotropy. The
combination of these effects produces more frequent and
intense dayside chorus generation around 8 Rg in the pre-
noon sector.

[20] 4. During active geomagnetic conditions, electron
PSDs on the nightside increase compared to those at quiet
times. Omnidirectional electron PSDs decrease by almost
an order of magnitude from midnight through dawn to
noon for low-energy electrons (<30 keV) under all geo-
magnetically disturbed conditions, presumably due to rapid
scattering loss through wave-particle interaction. For high-
energy electrons (30-100 keV), the electron PSD is essen-
tially independent of MLT, owing to the dominant effect of
the magnetic drift compared to loss rates.

[30] 5. Owing to drift shell splitting, electron anisotropy
tends to increase at higher energies (10-100 keV) during
drift from midnight through dawn to noon. Lower-energy
electrons (0.5-2 keV) frequently form pancake distributions
in the prenoon sector possibly due to scattering by waves.

[31] 6. The typical energies for the Landau resonance are
generally comparable to a few keV, with slightly larger
values on the dayside. This energy range is well correlated
with a pronounced reduction in anisotropy and slightly
inverted population in energy, particularly in the outer
dayside magnetosphere. Furthermore, the reduced anisot-
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Figure 9. Similar format as Figure 7 but for a dayside event which occurred on 26 July 2008 measured

by THEMIS A.

ropy would prevent cyclotron resonant instability in the
observed gap near 0.5 f..

[32] Pancake distributions are commonly observed in the
outer dayside magnetosphere. Su et al. [2009] showed that
the combination of lower-band and upper-band chorus can
effectively scatter electrons with energies of 0.1-2 keV into
the loss cone. In the limit of strong diffusion, the diffusion
rate is sufficiently large to diffuse particles into the loss
cone within less than a bounce period, and the PADs
become nearly isotropic at lower pitch angles up to ~60°—
70°, thus forming pancake distributions. For weak diffu-
sion, particles are slowly scattered into the loss cone, and
the slope of the distribution outside the loss cone is greater
than that for the strong diffusion. Interestingly, a slightly
inverted energy population is also observed on the dayside
for the energies around a few keV. This is possible since

high-energy electrons drift faster than low-energy electrons,
thus reaching the dayside earlier than the low-energy elec-
trons and forming inverted population. However, distribu-
tions with a positive PSD gradient as a function of energy
are highly unstable and would be efficiently relaxed once
they are formed, leading to the flattened distribution shown
in Figure 9h.

[33] For low-energy electrons (<10 keV), omnidirectional
electron PSDs drop by almost an order of magnitude from
midnight to noon during geomagnetically active times.
However, this dropout is mainly due to electrons with low
pitch angles scattered by chorus waves, and the PSD for
electrons with high pitch angles may not be associated with
a significant dropout. Interestingly, Petrinec et al. [1999]
examined the auroral intensity in X rays as a consequence
of energetic electrons (2-25 keV) precipitating into the
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ionosphere at different geomagnetic activities and found
that the majority of X ray emissions are observed in the
postmidnight sector. The global morphology of X ray
emissions is very similar to the electron distribution (2—
30 keV) obtained in our study in terms of MLT with a
strong dependence on the geomagnetic activity. Therefore
precipitations of 2-30 keV electrons scattered by chorus
waves may play a significant role in the formation of the
diffuse aurora.

[34] In the present study, the minimum resonant energy
is calculated based on the assumption that both upper-band
and lower-band chorus emissions are electromagnetic
waves with small wave normal angles. However, previous
studies [e.g., Goldstein and Tsurutani, 1984; Hayakawa et
al., 1984; Muto et al., 1987; Hayakawa et al., 1989] reported
that lower-band chorus is propagating almost exactly along
the magnetic field, while upper-band chorus can be highly
oblique with wave normal angles close to the resonance
cone. On the basis of this analysis of wave normal direc-
tions, lower-band chorus is probably excited by the electron
cyclotron resonant instability, while upper-band chorus
could be excited by a different mechanism. If upper-band
chorus is indeed highly oblique, equations (3), (4), and (5),
which are used to calculate minimum resonant energies,
might not be valid for upper-band chorus. However, upper-
band chorus was first detected by search coil magnet-
ometers and an event study reported by Tsurutani and Smith
[1974] showed that the magnetic field of upper-band chorus
is even stronger than that of lower-band chorus, which
implies that upper-band chorus is also electromagnetic. With
POLAR magnetic field data, strong upper-band chorus
comparable to the lower-band chorus emissions is detected
both near the equator and midlatitudes [Lauben et al., 1998].
During the dayside event in this paper (Figure 10), the wave
spectrum shows comparable intensity in both lower-band
and upper-band, and the wave normal angle for both lower-
band and upper-band is shown to be within 20° (not
explicitly shown in the paper). Investigation of wave normal
distributions for lower-band and upper-band chorus is a
very interesting but still a controversial topic, which is also

extremely important to understand the generation mecha-
nism of lower-band and upper-band chorus. In spite of this
limitation, this present study focuses on investigating electron
distributions potentially responsible for chorus generation,
covering a broad energy range for both electron PSD and
anisotropy under different levels of magnetic activity to shed
further light on the chorus generation mechanism.

[35] From midnight through dawn to the noon sector,
although the plasma density increases, the ratio fne/fce
becomes smaller due to the dominant effect of increasing
electron cyclotron frequencies caused by magnetospheric
compression especially at larger L shells. Therefore the
minimum resonant energy on the dayside increases up to
100 keV, contrary to the findings from Asnes et al. [2005],
who concluded that the minimum resonant energy will be
reduced due to an increase in the cold plasma density on the
dayside. The assertion of Asnes et al. [2005] could be true
at lower L shells (inside geosynchronous orbit), but not at
the larger L shells, where chorus is most intense on the
dayside.

[36] Previous studies [e.g., Tsurutani and Smith, 1977; Li
et al., 2009a] showed that the occurrence rate of the dayside
chorus is considerably higher than that on the nightside.
Statistical results in the present study show that electrons
(2-30 keV) on the nightside tend to have a positive
anisotropy only during disturbed times associated with
injection events, while on the dayside electron anisotropy
(10-100 keV) is generally high even during quiet times
due to drift shell splitting. Electrons that contribute to the
lower-band chorus generation on the dayside have larger
minimum resonant energies (10-100 keV). Such electrons
are not associated with a significant loss as they drift from
midnight toward noon. On the other hand, lower-energy
electrons (less than a few keV) responsible for the gener-
ation of upper-band chorus on the dayside also generally
exhibit large anisotropy due to the resonance with waves
during their drift toward the noon sector. The combination
of these properties can result in the high occurrence rate of
dayside chorus. Li et al. [2008, 2009b] simulated path-
integrated wave gain along the raypath and showed that
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nightside chorus is confined within 15° of the equator due
to strong Landau damping. However, previous studies [e.g.,
Sazhin and Hayakawa, 1992; Meredith et al., 2003; Bortnik
et al., 2007; Li et al., 2009a] showed that dayside chorus
can extend to higher latitudes of 30° or more. In the present
study, we found that electron PSDs responsible for the
Landau resonance decrease by almost an order of magni-
tude from midnight through dawn toward the noon sector,
which would allow dayside chorus to extend to higher
magnetic latitudes due to weaker Landau damping, con-
sistent with Bortnik et al. [2007]. The Landau damping on
the dayside will be further reduced because of the observed
flattening in electron distributions near a few keV. Fur-
thermore, future simulations of the generation of dayside
chorus need to include a compressed magnetic field model
in order to clearly understand the latitudinal extension of
dayside chorus waves.
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