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Key Points:

e A practical method for calculating wave polarization using the Arase satellite data
e By combining polarization and frequency analysis, the wave mode of AKR (Auroral kilometric radiation) is identified.
e It is demonstrated that AKR in R-X, L-O, and L-X modes can be observed on both the dayside and nightside.
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Abstract: Auroral kilometric radiation (AKR), a fundamental plasma emission in Earth's magnetosphere, exhibits three characteristic
modes: the right-handed extraordinary (R-X), left-handed ordinary (L-O) and left-handed extraordinary (L-X) modes. The role of AKR in
magnetosphere—ionosphere—atmosphere coupling depends sensitively on its wave mode. While previous studies have primarily focused
on the dominant R-X mode, we present the first systematic identification of all three modes using a practical polarization analysis method
based on Arase satellite observations. This method employs a spin-axis-relative Ratio: when the satellite's spin axis aligns with the
background magnetic field, a positive (negative) Ratio indicates the right-handed (left-handed) polarization, with reversal under
anti-parallel conditions. Combined polarization-frequency analysis reveals that R-X, L-O, and L-X modes can exist in both dayside and

nightside regions, with power spectral densities up to 10° mv’m

-2

Hz™'. This study resolves long-standing ambiguities in AKR mode

classification and has implications for understanding AKR-induced electron dynamics.
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1. Introduction

Auroral kilometric radiation (AKR), a powerful terrestrial radio
emission originating in polar, magnetic field-aligned cavities, is
fundamentally linked to magnetosphere—ionosphere—atmo-
sphere coupling (Kurth et al.,, 1975; Ergun et al., 1998; Zarka, 1998;
Mutel et al., 2008; Xiao FL et al., 2010). The generation mechanism
of AKR most widely accepted is the electron cyclotron maser
instability (ECMI) (Wu CS and Lee, 1979; Melrose et al., 1982;
Pritchett, 1984; Calvert, 1995; Mutel et al., 2007; Burinskaya, 2013).
The generation of AKR necessitates downward superthermal elec-
trons to provide free energy (Delory et al., 1998; Ergun et al., 1998;
Seki et al., 2005; Jiao LH et al.,, 2024; Jin TF et al., 2025). A positive
velocity gradient in the electron velocity distribution leads to a
significant nonlinear growth of the wave near the electron
cyclotron frequency, which is usually necessary in the simulations
of AKR generation (Mutel et al., 2007). Previous studies have
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shown that AKR exhibits significant correlations with magneto-
spheric activity in terms of both intensity and frequency charac-
teristics (Kurth and Gumett, 1998; Liou et al., 2000), while also
demonstrating distinct seasonal variations (Kumamoto et al.,
2003). Li P et al. (2024) have shown that the occurrence of AKR is
related to interplanetary magnetic field and has obvious seasonal
characteristics. Tang JW et al. (2025) have found that there is an
obvious spatial asymmetry in the distribution of AKR. Numerous
studies have demonstrated that AKR can effectively accelerate or
scatter energetic electrons under the appropriate conditions
(Summers et al., 2001; Xiao FL et al., 2006; Zhang S et al., 2020).
Those electrons have serious damage to the ozone layer and
spacecraft (Thorne, 1977; Callis et al., 1998; Baker, 2002; Thorne et
al., 2005). Zhao WL et al. (2019) have found that AKR is widely
distributed in the region of L = 3—6.5 and MLT = 00—24 using the
observations from Van Allen probes. Zhang S et al. (2021) have
presented a simplified model of the field-aligned distribution of
AKR mode amplitude in the region of L = 3.0-6.2 and Mlat =
0°—+40° using the observations from the Arase satellite and Van
Allen Probes. Through the work of other researchers, it is now
possible to determine the annual and seasonal periodic variations
of AKR mode (Kumamoto et al, 2003; Green et al, 2004;
Mogilevsky et al., 2005; Xiao FL et al., 2022).
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According to the dispersion relation of plasma waves, AKR has
three modes, named the right-handed extraordinary (R-X), left-
handed ordinary (L-O) and left-handed extraordinary (L-X) modes
(Sonwalkar et al., 2004). Previous studies have demonstrated that
AKR mainly occurs in the R-X mode, with less occurrence in the
L-O and L-X modes (Calvert, 19813, b; Gurnett et al., 1983; Liou et
al., 2000; Pritchett et al., 2002; Schreiber et al., 2017). Critically, the
role of AKR in these coupling processes exhibits strong mode
dependence (Xiao FL et al., 2011). Despite this modal diversity, our
understanding remains incomplete. Xiao FL et al. (2016) have
demonstrated that R-X mode can propagate downward to the
equatorial plane from high latitudes using 3-D ray tracing, and
Deng ZK et al. (2022) have provided a direct observational
evidence. Extensive statistical studies and case analyses have
established the R-X mode as the primary emission, revealed its
global distribution across L-shells, magnetic latitude (Mlat), and
magnetic local time (MLT). Observations of L-O mode are fewer,
showing complexities: while often appearing weaker and at lower
frequencies than R-X in simultaneous detections (Kumamoto et
al., 2018). Hanasz et al. (2003) have performed a statistical study of
the occurrence distributions of R-X and L-O modes and analyzed
the source region of AKR. Observations have found that L-O mode
appears at lower frequency range and is much weaker than R-X
mode when the R-X and L-O modes were present simultaneously
(Shawhan and Gurnett, 1982; Mellott et al., 1984; Benson et al.,
1988). Instances of strong or even dominant L-O emissions were
also reported, attributed to refraction and reflection the of R-X
mode near sharp density gradients (plasmapause) (Kaiser et al.,
1978; Oya and Morioka, 1983; Benson, 1985; Hanasz et al., 2000).
This is due to the refraction and reflection of the R-X mode by the
density gradient near the source region and the plasmapause.
However, direct observational evidence for the L-X mode emission
remains scarce (Zhang S et al., 2024).

Since comprehensive analyses encompassing all three AKR modes
have been lacking, limiting our ability to quantify their mode-
specific contributions to electron dynamics, we adopt a practical
polarization analysis technique applied to high-resolution wave
observations from the Arase satellite to directly identify all three
modes.

2. Method of Polarization Analysis

AKR is the superluminous waves in the magnetosphere with wave
phase speed greater than the speed of light (Xiao FL et al.,, 2010).
The general dispersion relation for the superluminous wave in
collisionless, cold plasma, with negligence of ion motion, has
been formulated (Xiao FL et al., 2006):

£2
2 2 e —
M :l"$:1_:_2w$11 (1)
1/2
- fczesinze _ ( fczesinze )2 . f,_.f_,cosze 2
— = -_— + ,
’ 2(f2-£2) |\ 2(F? - £2) f2

where y is the refractive index of plasma waves, f is the wave
frequency, f,, is the plasma angular frequency and £, is the electron
gyro-frequency, 6 is the wave normal angle. The dispersion relations
and frequency ranges of three modes are given as follows:

R-X mode: pu=pu_,f>fpy, (3)

L-O mode: = p,, f> fp, (4)

L-X mode: = p,, fix <f<fp, (5)

with
fox = [Fee + (F2 + 4£2)'21/2, 6)
fix = [~Fre + (F2 + 4£2)'%1/2. (7)

In order to judge the modes of AKR, we should identify the polar-
ization of plasma wave. It is well known that the characteristics of
wave modes in any direction of propagation can be understood
as a transition between two special cases: propagation parallel or
perpendicular to the external magnetic field. When the direction
of the wave propagation is parallel to the magnetic field direction,
for the right-hand polarized wave, the ratio of the two electric
field components in the plane perpendicular to the wave vector is

E/JE, =™ =

For the left-hand polarized wave, the corresponding ratio is

E/E, =™ =i,

However, it is difficult to directly measure the two electric field
components perpendicular to the magnetic field. Therefore, to
accurately determine the polarization state of waves, it is essential
to obtain the Stokes parameters (/, Q, U, V). This can be achieved
using a spacecraft equipped with a triaxial orthogonal antenna
system. The polarization of the wave is then determined based on
the sign of the Stokes parameter V, the relative position between
the satellite and the wave source, and the direction of the ambient
magnetic field. The specific methodology is analogous to that
employed by the Arase satellite and will not be elaborated upon
here. | is power density of the emission, Q and U are linear polar-
ization parameters normalized to /, and V circular polarization
parameters normalized to / (relative to the spacecraft spin axis).
The Stokes parameters /, Q, U, and V are derived from outputs of
the four channels 5, S, S,.,, and S,.;, using the following formula

(Hanasz et al., 2000, 2003; Panchenko, 2004):

I=5,+5, (8)
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V= — an
Arase satellite was launched by the Japan Aerospace Exploration
Agency and began taking measurements on March 2017. The
orbit of the Arase is highly elliptical, and the orbital inclination is
~31°. Its altitudes perigee and apogee are 340—440 km and 32,
200-32, 300 km, respectively. The orbit of Arase covers the region
of Mlat = 0—+42°. When the satellite is located the high magnetic
latitude, the satellite can reach the region of L = 10-11 (Miyoshi et
al., 2018; Nakamura et al., 2018). The Wire Probe Antenna (WPT)
onboard the Arase comprises two pairs of dipole antennas with a
length of ~31 meters from tip to tip. The two pairs of antennas are
orthogonal to each other and perpendicular to the spin axis of
Arase (Kasaba et al., 2017). The High Frequency Analyzer (HFA) of
the Plasma Wave Experiment (PWE) on the Arase spacecraft can
measure the power spectral density (PSD) of the wave electric
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field. The analyzer can measure the electric field component of
the plasma wave in the frequency range of 2 kHz to 10 MHz (Kasa-
hara et al., 2018; Kumamoto et al., 2018).

The Arase satellite uses a simplified method to determine the
polarization of waves. The Arase satellite can detect two electric
field components, E, and E,, using WPT sensors (WPT-S-U1, WPT-S-
U2, WPT-S-V1, and WPT-S-V2). After E, and E, are converted into
voltage signals, they are fed into the HFA through the amplifier.
The HFA is capable of obtaining the electric field power spectrum,
as well as the left-hand (£;) and right-hand (Ez) electric fields
through specific processing and analysis methods. £, and E; are
calculated as follows:

E+E .

Ef - % —ImE,E:, (12)
E+E .

E = % +ImE,E;, (13)

where * indicates a complex conjugate and Im indicates an imagi-
nary part. E, and E, are the Fourier complex coefficients of E, and
E,, respectively. Using (E}) and (E3) ({) represents the ensemble
average of eight raw spectra obtained during one spin period),
the axial Ratio of wave can be obtained by the following formula:
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In order to ensure a sufficient signal-to-noise ratio for reliable
polarization determination, we assume that the circular polariza-
tion threshold as |Ratio| = 0.3. According to the sign of Ratio, the
polarization relative to the satellite spin axis can be directly deter-
mined (ant-sunward direction) (Kumamoto et al., 2018). The polar-
ization of waves is defined with respect to the direction of
magnetic field. The direction of magnetic field is sunward (ant-
sunward) in the northern hemisphere on the nightside and the
southern hemisphere on the dayside (the northern hemisphere
on the dayside and the southern hemisphere on the nightside).
Therefore, we can obtain the polarization of waves according to
the sign of Ratio and the space position of the spacecraft. When
the satellite is located in the nightside of northern hemisphere or
dayside of southern hemisphere, a positive (negative) Ratio corre-
sponds to the left-hand (right-hand) polarization. Conversely,
when positioned in the dayside of northern hemisphere or night-
side of southern hemisphere, a positive (negative) Ratio corre-
sponds to right-hand (left-hand) polarization. In this study, we
report observations of three modes using the data from the Arase
satellite. In general, we focus on strong AKR emissions (PSD > 10%
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Figure 1. Nightside R-X mode AKR (Event A) observed by the Arase satellite during 04:50—-05:30 UT on 8 November 2017. (a) The AE index (blue
line) and plasma density (red line). (b) The electric field spectra measured by the HFA (the red dashed line represents the f,). (c) The raw Ratio of

emissions with PSD > 108 mv’m™

m~’Hz ™' (the black dashed line represents the f,). Ratio > 0 (< 0) indicates the left-handed (right-handed)

polarization relative to the satellite spin axis. (d) The cosine a (a is defined as the angle between the local background magnetic field and the spin
axis). (e) The polarization of emissions with PSD > 107® m’m™Hz"' (the black dashed line corresponds to the f).
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mV?m™~2Hz") in the magnetosphere.

3. Identification of Three Modes

Using the Arase data, we present six typical AKR events for the
three modes as follows. Figure 1 details a strong AKR emission
(Event A) recorded on 8 November 2017 (04:50—-05:30 UT), occur-
ring on the nightside (MLT = 18.9-19.9, Mlat = 9.0°-1.5°). Figure
1a shows the AE index (the blue line) and plasma density (the red
line) during the period. The AE index could reach ~1000 nT, indi-
cating the relatively strong geomagnetic activity. The plasma
density was derived from the upper hybrid resonance frequency,
and increased significantly (from 5 to 120 cm™). As shown in
Figure 1b, the HFA detected strong AKR emissions (PSD >
1078 mv?m™2Hz "), with frequencies in the range of 50-600 kHz.
The red dashed line represents the cutoff frequency of R-X mode
(fa), and the white area represents PSD <10 mV?*m™Hz"". Figure
1c shows the Ratio from the Arase satellite data. Ratio > 0 (< 0)
indicates the left-handed (right-handed) polarization relative to
the satellite spin axis. In order to check the direction of background
magnetic field, we define a as the angle between the spin axis of
satellite and background magnetic field. The cosine a is plotted in
Figure 1d. The Ratio, verified against the background field direc-
tion, indicates the right-handed polarization. Figure 1e shows the
polarization clearly maintaining negative values (Ratio < —0.3)
coincident with significant wave power (PSD > 10 mv’m™Hz ")
above the fy (the black dashed line). L-H and R-H indicate the left-

handed and right-handed polarization relative to the background
magnetic field, respectively. Combined with the high-frequency
localization above fgy, it confirms Event A as a dominant R-X mode
emission. Contrasting with the active nightside event, Figure 2
presents another R-X mode emission (Event B) observed under
relatively quiet geomagnetic conditions (AE index was between
50-200 nT) from 04:30 to 05:30 UT on 22 March 2018 on the
dayside (MLT 9.8-10.6). The plasma density (~10 cm™)
remained relatively stable during this period. Clear AKR signatures
were detected with PSD about PSD > 10® mV?m™Hz™" in the
frequency range of 200—500 kHz. Figure 2c shows the Ratio from
the Arase satellite observation. Figure 2d plots the cosine a. Polar-
ization analysis (Figure 2d) reveals consistently negative Ratio
values (<—0.3) in the region of enhanced power above fgy,
confirming Event B as a dominant R-X mode emission. Figures 1-2
confirm the sustained presence of R-X mode on both dayside and
nightside, and the PSD of R-X mode on the nightside can reach
107° mv’mHz .

Figures 3—4 display the examples of L-O mode AKR emissions. As
shown in Figure 3, intense AKR emission (Event C) were observed
on the nightside (MLT = 1.2-2.4, Mlat = 38.9°-36.2°) during 04:14—
04:30 UT on 30 August 2019. The AE index (the blue line in Figure
3a) ranged between 40-70 nT, indicating quiet geomagnetic
conditions. PSD of the AKR increases to 107° mV?m™Hz™" (Figure
3b), as the plasma density decrease to 450 cm™ (the red line in

22 March 2018
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Figure 2. Dayside R-X mode AKR (Event B) observed by the Arase satellite during 04:30—05:30 UT on 22 March 2018. Same format as Figure 1.
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Figure 3. Nightside L-O mode AKR (Event C) observed by the Arase satellite during 04:14—04:30 UT on 30 August 2019. (a) The AE index (blue
line) and plasma density (red line). (b) The electric field spectra measured by the HFA (the red dashed line corresponds to the f,,). (c) The raw Ratio
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Figure 3a). Figure 3c shows the Ratio from the Arase satellite
observation. Figure 3d plots the cosine a. The polarization (Figure
3e) shows positive Ratio values (Figure 3c), as the spin axis is
against the background field direction on the nightside of the
northern hemisphere (Figure 3d). This identifies the significant
AKR emission above f,, as L-O mode. Figure 4 shows the example
of L-O mode emission (Event D), with frequency ranging from 100
to 400 kHz, occurred on the dayside (MLT = 12.7-13.9), which is
observed at 13:20—14:40 UT when the geomagnetic condition is
disturbed (AE index was between 150-250 nT). The polarization
(Figure 4e) shows negative Ratio values (Figure 4c), as the spin
axis is parallel the background field direction on the dayside of
the northern hemisphere (Figure 4d). This identifies the significant
AKR emission above f,, as L-O mode as well. This event confirms
that the PSD of L-O mode AKR on dayside can approach
107 mv’mHz .

Examples of L-X mode AKR emission are presented in Figures 5—6.
Figure 5 captures intense nightside AKR emission (Event E) span-
ning MLT = 22.0-23.9, Mlat = 35.4°-36.2° recorded between 07:15
to 07:35 UT on 14 January 2019. During this interval, geomagnetic
activity remained low, as indicated by the AE index (blue line,
Figure 5a), which fluctuated mildly between 30 and 60 nT, which a

rise in plasma density to 1200 cm™ (red line). The black solid line
and black dashed line in Figures 5c and 5e represent f,, and f;y,
respectively. The AKR emissions exhibited clear L-X mode charac-
teristics, evidenced by a positive Ratio value (Figure 5c) and the
spin axis against the background magnetic field (Figure 5d). In
contrast, Figure 6 illustrates the dayside (MLT = 12.9-13.8) L-X
mode emission (Event F) detected at 21:45-22:25 UT on 23
January 2019 during a enhanced geomagnetic activity with AE
could reach ~300 nT. The emissions, staying between f,, and f;y,
covered a relatively narrow frequency range (20-30 kHz). The
negative Ratio values (Figure 6c) for these emission and the spin
axis aligned with the background magnetic field (Figure 6d)
demonstrates that dayside L-X mode AKR can attain PSD levels
comparable to nightside with the maximum value 107°
mv2m™2Hz .

4. Summary

Auroral kilometric radiation (AKR) is an important intense electro-
magnetic emission in the magnetosphere characterized by wave-
lengths on the order of kilometers. Previous studies have shown
that the majority of AKR stay in the right-handed extraordinary
(R-X) mode, with a small observation in the left-handed ordinary
(L-O) and left-handed extraordinary (L-X) modes. While the contri-
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Figure 4. Dayside L-O mode AKR (Event D) observed by the Arase satellite during 13:20—14:40 UT on 17 May 2019. Same format as Figure 3.

bution of AKR to the magnetosphere—ionosphere—atmosphere
coupling is sensitively to the mode. Here, we comprehensively
introduce the practical polarization analysis method for the high
frequency observations of Arase satellite. The sign of the Ratio
corresponds to the polarization: under the condition that the
satellite spin axis is parallel to the background magnetic field (B),
the positive (negative) Ratio presents the right-handed (left-
handed) polarization. In contrast, when the spin axis is anti-parallel
to B, the correspondence between the polarization and ratio sign
is reversed. According to the polarization data and frequency
ranges, two events of each mode of AKR are systematically
reported for the first time. Observations show that three modes
can be observed both on the dayside and nightside, and the
intensity of three modes can reach 10°° mV’m™Hz . This study
enriches our understanding of AKR in the Earth's magnetosphere
and similar emission in other planet.

Open Research Section

Science data of the ERG (Arase) satellite was obtained from the
ERG Science Center operated by ISAS/JAXA and ISEE/Nagoya
University (https://ergsc.isee.nagoya-u.ac.jp/data/ergsc/satellite/
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