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Global Morphology of Chorus Waves in the Outer Radiation
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Abstract Whistler-mode chorus waves play a key role in driving radiation belt dynamics by enabling both
acceleration of electrons to relativistic energies as well as their loss into the atmosphere via pitch-angle
scattering. The ratio between the electron plasma frequency (f,.) and the electron gyrofrequency ()
significantly influences the efficiency of these processes, with electron acceleration being most effective during
periods of low f,./f.. In this study, a combined total of approximately 24.5 years of Time History of Events and
Macroscale Interactions during Substorms (THEMIS) wave data are analyzed to show how chorus wave
intensity and spatial location vary with relative frequency, geomagnetic activity and f,./fc.. Results demonstrate
that the strongest chorus emissions are observed during active conditions (AE > 200 nT). At these times,
equatorial chorus at low relative frequencies (f;,,<f < 0.1 f) is strongest when f,,/fc, is high (f,./fce > 10)
primarily in the region 5 < L* < 8, from 22:00-12:00 MLT. In sharp contrast at high relative frequencies (0.5 £,
<f<0.7 f..), the equatorial chorus is strongest when f,,/f., is low (f./f., < 6) mainly in the region 4 < L* <6
from 21:00-09:00 MLT. At intermediate relative frequencies (0.3 f., < f < 0.4 f..), equatorial chorus is strongest
in the region 3.5 < L* < 8 and are largely independent of f,./f., from 21:00-12:00 MLT. In the off-equatorial
region the strongest waves are seen in the frequency range (0.1 £, < f< 0.3 f.,) between 5 < L* < 8 and 06:00—
15:00 MLT and again are mostly independent of f,./f... We show that the location of the strongest waves can be
largely explained in terms of the source electrons being in the required energy range for resonance and the
absence of Landau damping and highlight the regions where electron acceleration to relativistic energies is
likely to be mostly significant.

Plain Language Summary Chorus waves are naturally occurring plasma waves often observed in
the terrestrial radiation belts that strongly influence the behavior of energetic electrons. These waves can both
accelerate electrons to relativistic energies as well as scatter electrons into Earth's atmosphere, where they are
consequently lost. A key factor which influences the efficiency of these processes is the ratio of two frequencies
(the plasma frequency and the electron gyrofrequency). We analyze a combined 24.5 years of wave
measurements from the THEMIS spacecraft to show how chorus wave intensity and spatial location vary with
relative frequency, geomagnetic activity and this frequency ratio (j,./f..). The strongest waves are generally
observed on the dawn side of the Earth during active geomagnetic conditions. At intermediate relative
frequencies, strong waves can occur across a wide range of f,./f, values. In contrast, at low and high
frequencies, strong waves are most often associated with high and low f,./f., values respectively. We show that
the location of the strongest waves can be largely explained in terms of the source electrons being in the required
energy range for resonance and the absence of Landau damping and highlight regions where electron
acceleration to relativistic energies is likely to be most significant.

1. Introduction

Chorus waves represent a class of whistler-mode electromagnetic waves, which are right-hand polarized and
characterized by 0.1 s repetitive bursts occurring in the frequency range above the lower hybrid resonance fre-
quency (f,) and below the electron gyrofrequency (f..) (Li et al., 2012; Santolik et al., 2004; Tsurutani &
Smith, 1977). These emissions are known as chorus since the observed rising tones, or less frequent falling tones,
often resemble a “chorus” of singing birds at dawn when converted to audio. Chorus waves are generated in the
near-equatorial region outside of the plasmapause (Burtis & Helliwell, 1969; Inan et al., 2004; Koons &
Roeder, 1990; Lauben et al., 2002) by anisotropic distributions of energetic electrons with energies in the range of
approximately keV to 100 keV (Li, Thorne, Bortnik, et al., 2010; Omura et al., 2008), which are injected into the
inner magnetosphere during both geomagnetic storms and substorms. Consequently, chorus is observed largely
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outside the plasmapause and is substorm dependent, with the largest intensities being seen during active con-
ditions (O. V. Agapitov et al., 2018; Li et al., 2009; Meredith et al., 2001, 2012, 2020; Miyoshi et al., 2013;
Santolik et al., 2003; Tsurutani & Smith, 1977). Chorus waves are generally observed in two distinct bands,
between 0.1 and 0.5 f;, (lower-band chorus) and 0.5-0.8 f;, (upper-band chorus) (Burtis & Helliwell, 1969; Koons
& Roeder, 1990), with a power gap at 0.5 f, (Tsurutani & Smith, 1977).

Chorus has been shown to play a significant role in the formation of the diffuse aurora (Thorne, 2010), while
storm-time chorus at high latitudes can drive microburst precipitation (Lorentzen et al., 2001), leading to for-
mation of the pulsating aurora (Namekawa et al., 2023; Nishimura et al., 2010; Thorne et al., 2005). It has also
been shown that by propagating into the plasmasphere, chorus is a significant source of the unstructured plas-
maspheric hiss (Bortnik et al., 2008, 2009; Meredith et al., 2013), another important magnetospheric emission,
which is largely responsible for the formation of the slot region between the inner and outer radiation belts (Abel
& Thorne, 1998a, 1998b; Albert, 1994; Lyons et al., 1972; Lyons & Thorne, 1973; Meredith et al., 2007, 2009)
and contributes to electron loss in the outer radiation belt during and following geomagnetic storms (Lam
etal.,2007; Maetal., 2016, 2022; Meredith et al., 2006; Summers et al., 2007a; Thorne et al., 1973). Furthermore,
plasmaspheric hiss has also been shown to “leak” out of the plasmapause (Feng et al., 2023; Zhu et al., 2015). This
unstructured emission outside of the plasmasphere is known as exohiss (Thorne et al., 1973; Zhu et al., 2015).

Wave-particle interactions of energetic electrons with chorus have been shown to play a key role in the dynamics
of the radiation belts, specifically the loss of keV-MeV electrons into the terrestrial atmosphere via pitch angle
scattering (Summers et al., 2007a, 2007b; Thorne et al., 2005) and the acceleration of electrons with energies of
hundreds of keV, up to MeV range in the Earth's outer radiation belt (Allison et al., 2021; Horne et al., 2005;
Horne & Thorne, 1998; Jaynes et al., 2015; Meredith et al., 2002; Thorne et al., 2013). These “killer” MeV
electrons (Graham, 1994) can damage satellites traveling in this region by deep dielectric charging leading to
operational challenges and affecting the longevity of onboard electronics (J.-Z. Wang et al., 2018; Wrenn
et al., 2002).

Traditionally, wave-particle interactions are included as a diffusive process in Earth's radiation belt models
(Glauert et al., 2014). In order to calculate the diffusion rates, quasi-linear theory is applied and specifically the
variations in intensity with frequency, L*, magnetic local time (MLT), magnetic latitude (4,,) and geomagnetic
activity are input (e.g., O. Agapitov et al., 2019; Glauert & Horne, 2005; Horne et al., 2013; Wong et al., 2024).
The ratio of plasma frequency (f,) to the electron gyrofrequency (f.) is also a very important factor in deter-
mining the efficiency of the wave-particle interactions (Horne et al., 2003). Acceleration due to chorus is most
efficient for lower-band chorus (Horne & Thorne, 1998) in regions of low f,./f., where the increased wave phase
velocity enhances energy exchange and enables seed electrons at large pitch angles to be accelerated to MeV
energies (Horne & Thorne, 2003; Meredith et al., 2002; Summers et al., 1998), while simultaneously scattering
low energy source electrons into the loss cone. However at high values of f,./f.. (fpe/fee > 7), chorus waves
primarily drive pitch-angle scattering with minimal energy exchange and loss of electrons to the atmosphere
(Lyons et al., 1972; Meredith et al., 2006; Summers et al., 1998, 2005).

Previous statistical studies using data from the CRRES mission (Meredith et al., 2003) and the Van Allen Probes
(O. Agapitov et al., 2019) have investigated the effects of f,./f;, and geomagnetic activity on lower-band chorus,
highlighting regions favorable for strong electron acceleration. These studies demonstrated regions in which
electron acceleration to relativistic energies is most favorable. Meredith et al. (2003) suggested acceleration is
strongest between 4 < L < 6 between 3:00-10:00 MLT in the equatorial region and 6:00-14:00 MLT in the mid-
latitude region. More recently O. Agapitov et al. (2019) suggested chorus acceleration is likely to be strongest
from ~2.7 < L < 4 between 21:00-09:00 MLT, and from 3.5 < L < 5.5 between 21:00-04:00 MLT. However, the
orbits of both the CRRES and Van Allen Proves are restricted to L* ~ 6 in the equatorial region and therefore do
not extend beyond geosynchronous orbit.

In this study, a new chorus wave database is developed, binned as a function of relative frequency, location (L*,
MLT, 4,,), geomagnetic activity and additionally the local f,./fc, ratio. A combined total of approximately
24.5 years of wave data is analyzed from three Time History of Events and Macroscale Interactions during
Substorms (THEMIS) satellites; namely THEMIS-A, -D and -E. Thus, allowing favorable regions of electron
acceleration and loss to be identified from inside geosynchronous orbit out to L* = 10. This new and extensive
database provides good coverage and statistics, allowing us to clearly observe differences in varying geomagnetic
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conditions. The associated instrumentation and data analysis is outlined in Section 2. Average chorus intensities
as a function of relative frequency, geomagnetic activity, location (L*, MLT) and f,./f., are presented in the
equatorial and off-equatorial regions in Sections 3.1 and 3.2 respectively. Finally, our results are discussed and
conclusions presented in Sections 4 and 5 respectively.

2. Instrumentation Data Analysis
2.1. Instrumentation

The five NASA THEMIS spacecraft were launched on 17 February 2007 into near equatorial orbits (|4,,| < 25°),
with apogees exceeding 10 Ry and perigees below 2 R (Angelopoulos, 2008). In this study, data is analyzed from
the three THEMIS spacecraft, namely THEMIS-A, -D and -E, that sample whistler-mode waves in the inner
magnetosphere.

The wave data used in this study were collected by the Search Coil Magnetometer (SCM) (Le Contel et al., 2008;
Roux et al., 2008). This instrument observes the magnetic field fluctuations between 0.1 Hz and 4 kHz. High
resolution (fff) data consists of two components of the wave spectral density (B and B ), which are obtained by
averaging spectra over 0.5 or 1 s at 8 s resolution in logarithmically spaced frequency bins (Cully et al., 2008) with
approximately 12 hr of coverage per day. In this study, approximately 11.75 years of THEMIS -A fff magnetic
wave spectral data (20/04/2010-31/12/2021), 6.5 years of THEMIS-D data (22/03/2011-12/09/2017) and
6.25 years THEMIS-E data (22/03/2011-29/05/2017) are analyzed, providing a combined total of ~24.5 years of
wave data. THEMIS-D and -E data only extends to 2017 due to a hardware issue affecting the perpendicular
component of the magnetic field data. After these dates, the data shows a significant change in the spectral density
background due to hardware damage, rendering chorus and other emissions indistinguishable from background
noise.

The electron gyrofrequency is calculated from the ambient magnetic field data which is locally measured by the
THEMIS Fluxgate Magnetometer (FGM) with a ~4 Hz sampling rate (Auster et al., 2008). At L* ~ 4, the electron
gyrofrequency can become large and can substantially exceed the 4 kHz upper limit of the SCM, which limits
observations of upper-band chorus in this region. The total plasma density is derived via the spacecraft potential,
as measured by the Electric Field Instrument (EFI), and the electron thermal speed as measured by the Elec-
trostatic analyzer (ESA) instrument (see Mozer (1973) and Pedersen et al. (1998)). Multiple validation analyses
show that the uncertainty in the total plasma density derived via this method is typically within a factor of 2
(Kwon et al., 2015; Li, Thorne, Nishimura, et al., 2010; Min et al., 2012). The inferred plasma densities are then
used to derive f,, and f,./fc.. AS f, is proportional to the root of the density, the corresponding uncertainty in f,, is
~40%. The uncertainty within f,,/f., is also dominated by this factor, as f,, is measured with high precision from
the FGM.

2.2. Data Analysis

The wave spectral density data show a frequency dependent noise response. Therefore, it is imperative that the
background is quantified and removed from the data. Here, the method initially proposed by Malaspina
et al. (2017) is used and adapted to quantify the background noise level as a function of frequency. Firstly, all
wave spectral data from each satellite and magnetic component are compiled into distributions of samples versus
power spectral density. The noise threshold (z;) is then calculated by fitting a gaussian to the peak of the power
distribution. The noise threshold is defined as r; = u + 20 where u and o are the mean and standard deviation of
the fitted gaussian. This process is repeated independently for each frequency of both fff components (Bj and B )
on each satellite. The noise thresholds for B, and B for THEMIS -A, -D and -E are plotted as a function of
frequency in Figures 1a and 1b respectively. Figure 1 shows the SCM noise thresholds follow a similar trend with
the highest noise level being found at the lowest frequency bands, and reducing to a minima at approximately
1 kHz, before rising toward the highest frequencies. The corresponding background threshold is then subtracted
from all data within a given frequency band. The high power anomalies are also removed. These are defined as
emissions that occur above the lowest power bin exceeding ;4 4+ 3¢ in which the number of samples fall below 5.

Finally, the total magnetic wave spectral data (B,,,) is calculated by: B,,;, = 4 /Bﬁ + ZBi.
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Figure 1. Plots of the noise thresholds as a function of frequency for (a) B, and (b) B for Time History of Events and
Macroscale Interactions during Substorms -A; blue, -D; orange and -E; green.

On occasion, the fff magnetic wave spectral data show abnormally high intensities that last for 1-2 time steps. We
found that these high-intensities occur due to a change in FGM mode as the satellite moves closer to Earth, where
a greater FGM range is required. Care is taken to remove these features. L* is computed using the TS04 external
magnetic field model (Tsyganenko & Sitnov, 2005) and the International Geomagnetic Reference Field. An
approximation of 90° pitch angle was used to calculate L*.

Chorus waves overlap in frequency with various other electromagnetic emissions in the terrestrial radiation belts
such as plasmaspheric hiss and lightning generated whistlers. However, chorus waves are exclusively observed
outside of the plasmasphere (Tsurutani & Smith, 1977), meanwhile plasmaspheric hiss and lightning generated
whistlers are associated with the higher density region within the plasmasphere. To isolate chorus waves from
various other wave modes, only observations outside of the plasmasphere are considered. To determine if a given
observation was made inside or outside of the plamapause, the model initially proposed by Li, Thorne, Bortnik,
et al. (2010) is used, whereby an observation is classified as outside if the total electron density falls below a
threshold (N.), where N, is defined as:

50 cm™, if L>4.4
10(6.6/L)* cm™ otherwise

The THEMIS orbits extend beyond 10 Rg, where the satellites frequently cross the magnetopause and may remain
outside of the magnetosphere for extended periods. In order to exclude emissions that originate from outside the
magnetopause from our results, a model first proposed by Shue et al. (1998) is used and emissions observed while
a given satellite is outside of the magnetopause are discarded.

3. Global Morphology of Chorus Waves Parametrized by f,/f..

The chorus wave intensity is binned into seven normalized frequency bands; from the lower hybrid frequency
(finr) t0 0.1 £, and from 0.1 £, t0 0.7 £, in 0.1 £, increments. These are further binned into two |4,,| bins; <9° and
9-18°, three activity levels which we define as quiet (AE < 50 nT), moderate (50 < AE < 200 nT) and active
(AE > 200 nT) and five local f,./f., bins; 2-4, 4-6, 6-8, 8-10, >10. The uncertainty in the f,./f;, value will lead to
some mixing of data points primarily between neighboring f,./f;. bins. Finally, the data is binned into 0.1 L* bins
between 1 and 10, and hourly MLT bins. A wave database is then generated by combining data from all three
THEMIS satellites, weighted by the number of samples in each bin. These bin ranges were chosen to ensure each
variable demonstrated variability between bins, while also having a sufficient number of observations to provide
good statistics in as many bins as possible.
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Equatorial Chorus (AE < 50 nT)
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Figure 2. Global maps of the average chorus wave intensity during quiet geomagnetic conditions (AE < 50 nT) in the equatorial region (|4,,| < 9°) as a function of L*
and magnetic local time for, from top to bottom, increasing relative frequency, and, from left to right, increasing f,./f... The maps extend linearly out to L* = 10 with
noon at the top and dawn to the right. The average intensities are shown in the large panels and the corresponding sampling distributions in the small panels to the bottom
right of each large panel.

3.1. Equatorial Chorus (|4,,| < 9°)

The average chorus wave intensities in the equatorial region (|4,,| < 9°) are plotted as a function of L* and MLT
for, from left to right, increasing f,./fc. and, from top to bottom, increasing relative frequency, for quiet, moderate
and active conditions in Figures 2—4 respectively. The main plots show the average chorus intensities and the
smaller plots display the number of samples in each bin, defined here as the number of data points containing
chorus waves observations. Each plot extends out to L* of 10, with noon at the top and dawn to the right.
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Figure 3. Global maps of the average chorus wave intensity during moderate geomagnetic conditions (50 nT < AE < 200 nT) in the equatorial region (|4,,|] < 9°) as a
function of L* and magnetic local time presented in the same format as Figure 2.

3.1.1. Low Frequency Chorus (fj,, <f < 0.1f£,)

Wave power is strongest in the lowest relative frequency band during active conditions and high values of f,./f.
(felfee > 10) with average wave power typically greater than 100 pT? in the region of 5 < L* < 8 from 22:00 MLT
through dawn to noon (see Figure 4). During quiet conditions weaker wave power is observed but the location is
different with the waves seen predominantly from 21:00 through dusk to 09:00 MLT, again during high values

of foelfee-

3.1.2. Lower-Band Chorus

Lower-band chorus in the frequency range 0.1 f., < f < 0.5 f., peaks during active conditions, with the strongest
emissions primarily spanning from 21:00 MLT through dawn to noon. At the low frequencies (0.1 f.,, <f<0.2f£.,),
wave power also increases with increasing f,/f.., exceeding 300 pT? at large values of Jpelfee (fpelfce > 8) in the
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Figure 4. Global maps of the average wave chorus intensity during active geomagnetic conditions (AE > 200 nT) in the equatorial region (|4,,| < 9°) as a function of L*
and magnetic local time presented in the same format as Figure 2.

region 5 < L* < 8. In sharp contrast, at high relative frequencies (0.4 f., < f < 0.5 f..), chorus intensities increase
with decreasing f,./fc., exceeding 50 pT? when Joelfee 18 1ow (folf;e < 6), predominantly in the region 4 < L* < 6
from 21:00-09:00 MLT. At intermediate frequencies (0.3 f., < f < 0.4 f.,), wave power is largely independent of
Jpelfee» With intensities exceeding 100 pT2, primarily in the region 3.5 < L* < 8 from 21:00 MLT through dawn to

noon.

During quiet geomagnetic conditions the strongest emissions are observed in the frequency range 0.2 f., < f< 0.3
Jfee On the dayside in the region 08:00-15:00 MLT at low f,./fc, (fye/fce < 6), with very little activity on the nightside
at these times. In contrast, waves in this relative frequency range increase with increasing f,./f.. in the region
00:00-08:00 MLT. At higher relative frequencies, 0.4 f., < f< 0.5 f,, the emissions are weaker, with strongest
emissions, of the order of 20 pT?, being observed for 4 < Jpelfee <8 from midnight through dawn to 15:00 MLT.
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3.1.3. Upper-Band Chorus

Upper-band chorus generally intensifies with increasing activity and decreasing f,./f;., similar to lower-band
chorus in the frequency range 0.4 f., < f < 0.5 f.,. The strongest upper-band emissions occur during active
conditions at low f,,/f., (flfee < 6), particularly in the 0.5 f,, < f < 0.6 f,, frequency band, where the wave in-
tensities typically exceed 50 pT? in the region 4 < L* < 6 from 21:00 MLT through dawn to noon. With increasing
Jpelfee, the waves weaken and become more confined in MLT, being largely restricted to the post-dawn sector

for f0/fce > 8.

During quiet geomagnetic conditions, upper-band chorus emissions are weak, with the strongest emissions, of the
order 5-8 pT2, being observed in the frequency range 0.5 f,, < f < 0.6 f,, predominantly at intermediate Soelfee
values (4 < f,/fee < 8). As fo /f increases, the strongest emissions become more constrained to the dayside and
more specifically the post-dawn sector during both quiet and moderate geomagnetic conditions.

3.1.4. Multi-Variable Dependence of Chorus Wave Power

To better show the differences of chorus wave intensity with relative frequency, geomagnetic activity and f,./f.,
Figure 5 shows the chorus wave intensity (B,,) averaged over all L* regions weighted by number of samples in
each bin, as a function of MLT for, from left to right, increasing geomagnetic activity and, top to bottom,
increasing relative frequency. Each panel shows five traces, color-coded according to the value of f,./f..

At low relative frequencies (fj,, <f< 0.2f.,), the strongest waves are seen during active geomagnetic conditions
and high values of f,./fc. (fo/fee > 8), where the wave power exceeds 100 pT? from midnight through dawn to
noon. At intermediate relative frequencies (0.3 f,, < f < 0.4 f.,) the strongest waves are seen during active
geomagnetic conditions, irrespective of the value of f./fc, with the wave power exceeding 100 pT? from
approximately 22:00 MLT through dawn to midday. At high relative frequencies (0.4 f., < f < 0.6 f;,) the strongest
waves are seen during active conditions and low values of f,,/f., (fe/fee < 6) Where wave power exceeds 50 pT?
from approximately 21:00 through dawn to 09:00 MLT.

During quiet geomagnetic activity the strongest lower band chorus emissions are largely confined to the dayside
at low fo/fee (frelfee < 6), with average intensities exceeding 100 pT? for 0.2 f, < f < 0.3 f,, from 08:00-
15:00 MLT. The power at higher values of f,./f,, is typically lower by a factor of 2-5 in this region. On the
nightside, the reverse is true with the strongest emissions, albeit less than 100 pT?, at higher values of Joelfce DEING
typically stronger than those at low f/f.. (fe/fee < 4) by a factor of 10 or more.

Athigher frequencies the upper band chorus emissions are weak during quiet geomagnetic activity. At these times
the strongest emissions are of the order 5-8 pT?, in the frequency range 0.5 £, < f < 0.6 f,,, primarily for in-
termediate values of f,./f, (4 < f,./fee < 8) in the region from midnight through dawn to noon.

3.2. Off-Equatorial Chorus (9 < |4,,| < 18°)

The average chorus intensities are shown as a function of relative frequency, location (L*, MLT) and local f,./f.
for quiet, moderate and active geomagnetic conditions in Figures 68 respectively. Figure 9, shows the average
wave intensity across all L* regions weighted by number of samples in each bin, against MLT for the off-
equatorial (9 < |4,,| < 18°) region.

Off-equatorial chorus is strongest in the lower band for relative frequencies in the range 0.1 f,, < f< 0.3 ., and
increases with increasing activity. The emissions are strongest during active conditions primarily in the region for
5 < L* <8 from 06:00-15:00 MLT and are largely independent of f,./f;, (see Figure 8). Similar trends are also
seen for both quiet and moderate geomagnetic activity (see Figures 6 and 7). At higher relative frequencies the
emissions in the off-equatorial region become weaker and are largely non-existent in the upper band. Low fre-
quency chorus is also strongest during active conditions, primarily in the region 06:00-15:00 MLT for high f,./f;.
(fpelfee > 6). In contrast, during quiet conditions weak low frequency chorus emissions are observed from midday
through dusk to 21:00 MLT, primarily for high values of f,./f.. (felfce > 10).

Figure 9 illustrates that the MLT response of the lower and upper band chorus is relatively independent of f,,/f,.
This is particularly evident on the dayside, where the intensities tend to peak in the pre-noon sector. As the relative
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Figure 5. Equatorial (|4,,] < 9°) chorus wave intensity as a function of magnetic local time, averaged over all L* values for the selected f,,/f., ranges (color-coded), for,

from top to bottom, increasing relative frequency and, from left to right, increasing geomagnetic activity.

frequency increases, there is a general decline with the average wave intensity rarely exceeding 1 pT? at 0.6
Jee <f<0.7 f, regardless of geomagnetic activity or f,./f.. The most significant variations in wave intensities
with f,./f;, are visible on the nightside during periods of high geomagnetic activity. However, these variations are
due to the poor statistical representation in this region, as seen in Figure 8. Notably, such disparities are not seen at
lower activities.

There is mostly little to no chorus wave power on the nightside for all activity levels and values of f,./f... The
exceptions being during quiet and moderate conditions for high f,./f.. (f,./fce > 8) when where weak power is
observed in the frequency range fj,, < f < 0.2 f,, from 18:00-21:00 MLT and during moderate and active con-
ditions for low f,./fce (fe/fee < 6) When stronger waves may be observed at low L* in the frequency range 0.1
fee <f<0.3f, from 03:00-06:00 MLT.

4. Discussion

Chorus waves are generated outside of the plasmapause near the magnetic equator from 21:00 MLT through dawn
to noon by anisotropic distributions of 1-100 keV electrons which are injected from the plasma sheet (Li, Thorne,
Bortnik, et al., 2010; Omura et al., 2008). These electrons can cyclotron-resonate with chorus waves if they are
above the minimum resonant energy (E,;;,) (Horne & Thorne, 1998; Lyons & Thorne, 1972). Below this energy,
electrons cannot efficiently interact with the wave. The strongest waves for a given normalized frequency are
therefore likely to be observed when f, /f., is such that the E;, is in the range 1-100 keV.
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Figure 6. Global maps of the average chorus wave intensity during quiet geomagnetic conditions (AE < 50 nT) in the off-equatorial region (9 < |4,,| < 18°) as a function
of L* and magnetic local time for, from top to bottom, increasing relative frequency, and, from left to right, increasing f,./f... The maps extend linearly out to L* = 10
with noon at the top and dawn to the right. The average intensities are shown in the large panels and the corresponding sampling distributions in the small panels to the
bottom right of each large panel.

To determine the minimum resonant energy the method as outlined in Meredith et al. (2003) is applied. For
electron interactions with parallel propagating chorus waves, only the fundamental cyclotron resonance occurs,
and the relativistic resonance condition is as follows:

1/2 . . .
/ V= vi + vﬁ and c is the speed of light. Here v, and v are the electron velocities

wherey = (1 — v?/c?)”
perpendicular and parallel to the ambient magnetic field, ® = 2xf is the wave frequency, k|| is the parallel wave
number, and €, is the electron gyrofrequency. For prescribed wave and plasma conditions, solutions for the

resonant particle velocities lie along semi-ellipses in the (v, v)) plane. For a fixed wave frequency the minimum
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Figure 7. Global maps of the average chorus wave intensity during moderate geomagnetic conditions (50 nT < AE < 200 nT) in the off-equatorial region
(9 < |An| < 18°) as a function of L* and magnetic local time presented in the same format as Figure 6.

resonant energy occurs when v, = 0. The resonance condition can then be solved using the expression for
from the cold plasma dispersion relation for parallel propagating chorus waves in a proton-electron plasma, to
yield an expression for the minimum parallel velocity as detailed in Meredith et al. (2003). The minimum parallel
resonant energy is then determined by the resulting Lorentz factor (Epyy = (v — Dm,c?).

Plots of the minimum resonant energy as a function of f,./f., for selected relative frequencies (color-coded) are
presented in Figure 10. Dashed horizontal lines are included to show 1 and 100 keV.

At low relative frequencies (fj,, < f< 0.1 f..) (top two traces in Figure 10) electrons with energies in the range 1—
100 keV, can only efficiently interact with the waves at high values of f,./f... This is consistent with the obser-
vations presented in Section 3, which shows the strongest waves in this frequency band are seen during active
conditions for 5 < L* < 8 from 22:00-12:00 MLT at high values of f,./f (frelfee > 10).
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Figure 8. Global maps of the average chorus wave intensity during active geomagnetic conditions (AE > 200 nT) in the off-equatorial region (9 < |4,,| < 18°) as a
function of L* and magnetic local time presented in the same format as Figure 6.

At intermediate relative frequencies (0.3 £, < f < 0.4 f..) (fourth and fifth traces from the top in Figure 10)
electrons in the energy range 1-100 keV, can efficiently interact with the waves over a wide range of f;,/f... This is
consistent with the observations presented in Section 3, which demonstrate the strongest waves are independent of
Joelfee» With similar intensities and MLT distribution across the range of f,./fc, values used in this study.

At high relative frequencies (0.5 f., <f< 0.7 f..) (bottom three traces in Figure 10), electrons with energies in the
1-100 keV range can efficiently interact with the waves at low values of f,./f... This is once again consistent with

the observations presented in Section 3, which demonstrates the strongest waves are seen during active conditions
for 4 < L* < 6 from 21:00-09:00 MLT at low values of f,./f.. (fe/fee < 6).

During low and moderate activity, weak emissions (~10 pT?) are found at low relative frequencies ( fj,, <f < 0.1
fee) on the dayside extending from approximately 12:00-20:00 MLT at high f,./f., (f,./fcc > 8). These emissions
are unlikely to be chorus emissions since they are observed in a completely different region to the low frequency
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Figure 9. Off-Equatorial (9 < |4,,| < 18°) chorus wave intensity as a function of magnetic local time, averaged over all L* values for the selected f,,/f., ranges (color-

coded), for, from top to bottom, increasing relative frequency and, from left to right, increasing geomagnetic activity.

chorus which is observed during active conditions and the lower-band and upper-band chorus during quiet,
moderate and active conditions. These emissions occur in a similar frequency range and cover a similar MLT
range as exohiss (e.g., Russell et al., 1969; Seo & Kim, 2023; Thorne et al., 1973; J. L. Wang et al., 2020; Watt
et al., 2025; Zhu et al., 2015, 2019), which is itself formed by the leakage of plasmaspheric hiss from the
plasmasphere and out into the plasmatrough. Our results suggest an activity dependence of the low frequency
waves (fi,- <f < 0.1 f.,), ranging from predominantly exohiss during quiet conditions to chorus during active
conditions. This is further supported by the fact that the MLT distribution during moderate conditions shows
features consistent with both exohiss and chorus. Our observations show that exohiss is strongest at high values of
Jpelfeer suggesting that the waves, when present, enhance pitch angle scattering. This supports previous findings
that exohiss contributes to electron loss processes only (e.g., Li et al., 2019; Zou et al., 2024).

The energization of electrons to relativistic energies is most efficient in regions where large lower-band chorus
wave intensities, of the order of several hundred pT? are observed in regions of low Joelfee (typically f,./fe <4), (e.
g., Horne et al., 2005; Horne & Thorne, 2003; Meredith et al., 2003). In the equatorial region (|4,,| < 9°) the most
favorable conditions for acceleration occur during active periods for waves in the intermediate relative frequency
range (0.2 f,, <f< 0.4 f,), from midnight through to noon. Strong waves in regions of low f,./f., are also observed
at higher latitudes (9 < |4,,|] < 18°) where the most favorable conditions occur for waves in the frequency range
0.1f, <f<03f, for 5 < L* < 8 between 06:00-15:00 MLT.
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Figure 10. Plots of minimum resonant energy, Ep,, as a function of f,./f;. for selected relative frequencies (color coded).

Regions of high f,./f.. (fe/fcc > 8) do not result in efficient transfer of energy to seed electrons and are largely
responsible for pitch angle scattering. Therefore, it would be expected that the strong low frequency waves
observed between fj, and 0.4 f., during active conditions in the most post-midnight sector in regions of high f,./f.
would be largely responsible for electron loss.

We stress that knowledge of the location and wave intensity alone are not sufficient to determine favorable re-
gions for electron acceleration to relativistic energies. The knowledge of the local value of f,./f is also required.
The f,./f. ratio can span a wide range of values even for a particular location and activity level. This emphasizes
the importance of using co-located measurements of both wave and plasma properties when deriving diffusion
coefficients. At intermediate relative frequencies (0.3 ., <f< 0.4 f..), results show that the spatial distribution of
chorus waves is independent of f,./f,., further demonstrating that geomagnetic activity alone does not determine
the plasma environment.

To help understand the role of chorus in electron acceleration, we must also take into account the temporal
behavior of f,,/f,, during a geomagnetic storm at different locations in space. Typically, during the main phase of
the storm, the plasmatrough becomes depleted and then subsequently refills during the recovery phase. Previous
observations by the Van Allen Probes have shown to that densities near L = 6 can increase from 2 cm™ at the Dst
minimum to over 25 cm™3 within one day (Bishop & Blum, 2024). This corresponds to an Joelfee increase starting
at <4, and extending to >10. This rapid plasmatrough refilling rate is consistent with estimates by a machine
learning model trained on THEMIS observations (Chu et al., 2017). This large variability in the f,,./f., ratio implies
that during a geomagnetic storm, chorus may drive efficient acceleration during the early recovery phase of the
storm when f,./f;, is low (<4), before tending toward a scattering-dominated regime when density and f,/f.,
become large (>10) and acceleration effectively stops. This behavior is consistent with observations of rapid
relativistic electron flux enhancements soon after storm minimum, followed by slower increases later in recovery
(e.g., Pinto et al., 2018; Varotsou et al., 2008). We note that this current study does not capture temporal evolution
however, these results highlight the importance of incorporating plasmatrough refilling and thus plasmapause
dynamics into future models.

Near-equatorial chorus in the 0.1 f;, < f< 0.3 £, frequency range becomes increasingly confined to the dayside as
Jpelfee decreases during periods of low to moderate geomagnetic activity. In contrast, during active conditions,
strong emissions in this frequency range at low f,./fc. are also observed on the nightside, consistent with substorm
injections. The absence of comparable nightside activity during low and moderate geomagnetic activity reflects
the lack of substorm injections, while the restriction of strong chorus wave intensity to the dayside is likely
reflective of drift-dependent effects.
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In the mid-latitude region, strong chorus is primarily restricted to the dayside during active conditions at relative
frequencies in the range 0.1 f,, < f < 0.3 f... There is very little chorus activity on the night side at any relative
frequency with the notable exception of low relative frequencies and low L* from midnight to dawn. This is
consistent with previous studies (e.g., Koons & Roeder, 1990; Meredith et al., 2012, 2020; Tsurutani &
Smith, 1977). Nightside damping rates are much stronger than that on the dayside due to higher fluxes of
suprathermal electrons, which mostly prevents the chorus waves from reaching higher latitudes in this region
(Bortnik et al., 2007). Damping rates decrease with decreasing frequency and decreasing L* which can explain
the observations of the waves primarily observed at lower relative frequencies on the dayside and also at the lower
relative frequencies on the nightside closer to the planet (Bortnik et al., 2007).

5. Conclusions

In this study, approximately 24.5 years of combined THEMIS wave data were analyzed to investigate how the
spatial location and intensity of chorus waves vary with relative frequency, geomagnetic activity and local f,./f..,
enabling the identification of regions which are most favorable for electron acceleration up to MeV energies. The
main findings of this study are:

1. Atlow relative frequencies ( f,. <f< 0.1 f.,) the strongest waves in the equatorial region are seen during active
conditions in the region 5 < L* < 8, from 22:00 MLT through dawn to noon at high values of f,./f.. (f,e/fee > 10).

2. Atintermediate relative frequencies (0.3 £, < f< 0.4 f.,), the strongest waves in the equatorial region are seen
during active conditions in the region 3.5 < L* < §, from 21:00 MLT through dawn to noon and are largely
independent of f,./f...

3. At high relative frequencies (0.5 f., < f< 0.7 f..), the strongest waves in the equatorial region are seen during
active conditions in the region 4 < L* < 6, from 21:00 MLT through dawn to 09:00 MLT at low values of
felfie Gpelfee < 6).

4. In the off-equatorial region the strongest waves are seen in the frequency range 0.1 £, < f < 0.3 f., between
5 < L* <8, and 06:00-15:00 MLT and are largely independent of f,,/f.

5. The frequencies of the strongest waves in the equatorial source region are consistent with the resonant fre-
quencies of injected electrons in the energy range 1-100 keV.

6. The location of the strongest waves can be largely explained in terms of the source electrons being in the
required energy range for resonance and the absence of Landau damping.

7. Electron acceleration to relativistic energies will be most effective when strong lower band chorus is observed
in regions of low f,./f... In the equatorial region these conditions can be met primarily for waves in the fre-
quency range 0.2 f;, < f< 0.4 f,, from 21:00 MLT through dawn to noon. At higher latitudes these conditions
can be met on the dayside from 06:00-15:00 MLT for waves in the frequency range 0.1 f,, < f < 0.3 £,.

Overall, this study highlights the critical role of f,./f., on the spatial distribution and dynamic behavior of chorus
waves under varying geomagnetic conditions, as well as its influence on wave-particle interactions. During a
geomagnetic storm f,./f,, outside of the plasmapause may gradually change from low to high values over the
course of the recovery phase (Bishop & Blum, 2024; Chu et al., 2017), suggesting that the role of chorus may
change from efficient acceleration early in the recovery phase to little or no acceleration and even loss toward the
end of the recovery phase.
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