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Abstract. In this work, we have studied the signals
of auroral kilometer radiation (AKR) from sources in
the auroral regions of the Northern and Southern hemi-
spheres simultaneously recorded by one satellite. We
have carried out a detailed statistical analysis of more
than 20 months of continuous AKR measurements made
by the ERG satellite (also known as Arase). This made
it possible to confirm the previously obtained results on
the location of AKR sources and seasonal changes in
the radiation intensity. Open questions about the pro-

cesses in the AKR source can be solved using data on
the radiation pattern under various geomagnetic condi-
tions. To answer these questions, we have estimated the
cone angle of directional diagrams in the dusk and dawn
sectors of Earth’s magnetosphere.

Keywords: auroral kilometer radiation, magneto-
sphere, auroral activity, satellite measurements.

INTRODUCTION

Auroral kilometer radiation (AKR) is powerful natu-
ral electromagnetic radiation in the 30-800 kHz fre-
quency range (maximum radiation is observed from 100
to 300 kHz), which is generated in near-Earth plasma
and propagates from Earth. AKR was first recorded by
the satellite Elektron-2 in 1965 [Benediktov et al.,
1965]. Already the first studies on AKR identified im-
portant properties of this radiation — frequency range,
radiation polarization, radiation intensity dependence on
geomagnetic activity, etc. [Gurnett, 1974; Kurth et al.,
1975; Benson, Calvert, 1979]. Early studies on the AKR
nature have found that sources of this radiation are situ-
ated in the auroral region, are linked to discrete auroras,
and are located in the dusk and night sectors of the
magnetosphere at invariant latitudes of ~70° at altitudes
(2+10)10° km [Kurth et al., 1975; Benson, Calvert,
1979]. The mechanism of AKR generation remained
unknown for more than a decade after the discovery of the
radiation until publication of the article [Wu, Lee, 1979],

in which the authors proposed using the cyclotron maser
instability mechanism to interpret AKR. Such instability
develops in the auroral magnetosphere in regions with
low plasma density, where the electron plasma frequen-
cy is lower than the local electron gyrofrequency
®pe=(4me’N/m)*?<wg,=eB/(mc). The source of the radia-
tion energy is superthermal electrons (several keV),
which are injected from the magnetotail into its inner
regions during geomagnetic disturbances. AKR is
generated at a local electron gyrofrequency, and in its
source it is transverse to the magnetic field. Subse-
quent studies [Louarn, Le Quéau, 1996; Burinskaja,
Rosh, 2007] have shown that the radiation source
includes a waveguide that “stretches” radiation along
magnetic field lines, and walls of this waveguide may
be not only the background plasma density gradient
but also the superthermal particle flux boundary [Bu-
rinskaja, Rosh, 2007].

Chugunin et al. [2020] have investigated a regular
change in AKR fluctuation wavelet spectra along a
magnetic field line provided that at a high altitude the
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fluctuation spectrum is power-mode and at a low alti-
tude the fluctuation distribution becomes uniform for all
characteristic times, which indicates complex nonlinear
processes in the AKR source.

AKR is generated due to the interaction between
plasma flows from the Sun (star) and planetary magnet-
ic fields. The radiation similar in nature (but not in fre-
quency) was detected from Jupiter, Saturn, Uranus, and
Jupiter satellite lo because radiation of this type is char-
acteristic of space bodies having a magnetic field
[Zarka, 1998].

Nowadays, the basic properties of AKR are well
known, which allows us to use this radiation for diagnos-
ing processes in Earth’s magnetosphere. The open ques-
tions related to processes in the AKR source can be ad-
dressed using data on radiation pattern under different
geomagnetic conditions. This paper deals with these
problems.

ERG SATELLITE AND ITS ORBIT

The Japanese satellite ERG (Exploration of Energiz-
ation and Radiation in Geospace) was launched on De-
cember 20, 2016; after reaching orbit, it was renamed
Arase (after the river near the launching point) [Miyoshi
et al., 2018a, b] and has been successfully operating
since then. This spacecraft is ~350 kg in weight, has an
orbit with apogee of ~32 000 km, a perigee of ~400 km,
an inclination of 31°, and an orbital period of ~570 min.
The main objective of this space mission is to study
physical processes in radiation belts. To fulfill it, the
satellite’s orbit has been chosen such that the apogee
evolves with a period of ~14 months both in the XY
plane and along the Z axis.

AKR measurements by the ERG satellite are of great
interest because they enable the direct comparison of the
radiation from sources located in the Northern and
Southern hemispheres. Although studying AKR is not
the primary objective of the satellite measurement pro-
gram, measurement capabilities of onboard equipment
facilitate this research. To study AKR, we have meas-
ured the electric-field component in the PWE/HFA ex-
periment [Kumamoto et al., 2018], aimed at measuring
the constant electric field and plasma waves in the fre-
quency range from the constant field to 10 MHz for the
electric field and from a few hertz to 100 kHz for the
magnetic field [Kasahara et al., 2018].

For Earth’s inner magnetosphere in a first approxi-
mation, we may assume that the plasma density varies
in proportion to the absolute value of the magnetic field.
Simulation results show that at frequencies above 100
kHz the plasmaspheric effect on radiation propagation is
insignificant and we can adopt a simple geometrical
scheme [Xiao et al., 2016].

It is known that at the output of the source AKR
generally has electron (right) polarization in the North-
ern Hemisphere. The ERG satellite can detect radiation
with opposite polarization directions from northern and
southern sources, thus providing information on the
AKR source location. In the polarization spectrogram
(Figure 1), the blue color corresponds to northern sources;
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Figure 1. A diagram explaining the difference in the pa-
rameter (E; —E; )/(Ef +E; ) as a function of the source loca-
tion. By is the constant geomagnetic field.

red, to southern ones. Analyzing AKR requires not the
relative polarization parameter as such but the zero
crossing of this parameter, which indicates the dominant
position of the power flux. Joint consideration of the
radiation power density spectrum and the polarization
spectrum allows us to analyze concurrent phenomena oc-
curring in northern and southern auroral regions.

STATISTICAL PROCESSING

OF AKR MEASUREMENTS

BY THE ERG SATELLITE

AND ANALYSIS OF THE RESULTS

In this paper, we have used results of preprocessing
of electromagnetic field measurements made during the
PWE experiment in a frequency range from a few kilohertz
to 15 MHz [Kasaba et al, 2017; Kasahara et al., 2018].

The AKR measurements were selected using the
standard spectral signal processing. The ERG satellite
data is available on the project website
[https://ergsc.isee.nagoya-u.ac.jp]. Electric components
were measured nearly continuously, which after statis-
tical processing provided a uniform picture of radia-
tion intensity distribution for long periods from March

2017 to December 2018. During that time, due to evo-
lution of the satellite’s orbit the z component of apogee
completed a full cycle from the Northern Hemisphere
to the Southern Hemisphere (Figure 2, a). The magnet-
ic local time MLT of the apogee is shown in panel b.
In the selected interval, the apogee MLT variations
exceed 24 hrs, thus giving us a full picture of AKR
intensity distribution, i.e. the satellite apogee has made
a complete rotation in the ecliptic plane.

The electric component measurements presented
on the website [https://ergsc.isee.nagoya-u.ac.jp/cef/test/
erg_test.cgi?site] were divided into two-hour intervals
with the radiation intensity analyzed in a frequency
range 100-800 kHz and the typical AKR value found.
The resulting series was used for analyzing the inte-
gral intensity, and at the first stage we averaged over
30 days (more than the solar rotation period) to in-
crease the accuracy of values and to minimize the
influence of geomagnetic activity. The resulting AKR
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Figure 2. Results of statistical processing of AKR measurements from March 2017 to December 2018

integral intensity curve is shown in Figure 2, c. There
are several characteristic intervals depending on ob-
servation conditions (red):

e interval 1, March 23, 2017 — June 01, 2017 —
the apogee of the satellite orbit was in the dawn sector
of the magnetosphere near the ecliptic plane in the
Northern Hemisphere;

e interval 2, June 01, 2017 — October 23, 2017 —
the orbit was mainly in the Northern Hemisphere in the
midnight and dusk sectors of the magnetosphere;

o interval 3, October 23, 2017 — June 01, 2018 —
most of the orbit was in the dayside magnetosphere;

o interval 4, June 01, 2018 — October 10, 2018 —
the apogee of the orbit was in the Southern Hemisphere
in the region favorable for generating AKR — in the
dawn and night sectors;

o interval 5, October 10, 2018 — December 23, 2018
— similar to interval 1, but for the Southern Hemisphere.

The lowest AKR integral intensity is in interval 3.
As has been shown in a number of papers such as [Ben-
son, Calvert, 1979], AKR sources are located in the
dusk, night, and dawn sectors of the magnetosphere
between 18 and 06 MLT (Figure 3). Nonetheless, in
Figure 2 we can see the so-called “inflowing” of AKR
into the daytime sector: radiation is recorded outside of
the location of sources — in the dusk (15-18 MLT) and

dawn (6-8 MLT) sectors. This is due to the finite size of
the radiation pattern: in the dusk sector the «inflowing»
at 3 MLT corresponds to an opening angle of the cone
of ~+ 45° (3°%15°), and in the dawn sector the opening
is ~+ 30°. This difference may be due to different condi-
tions in the source. Perhaps because of the gradient drift
the superthermal electron density in the dawn sector is
higher, thus causing the waveguide length to increase
and the radiation cone to narrow. The radiation cone
opening values are generally consistent with the results
obtained by another method [Mogilevsky et al., 2007;
Benson, 1982]. However, the full understanding of the
difference between radiation cone openings in the dusk
and dawn sectors requires further research.

In interval 2 (Figure 2), the satellite apogee was shifted
toward the Northern Hemisphere (z>0), and therefore the
radiation was generally observed from northern sources.
Such a conclusion can be drawn from the analysis of the
ratio between left and right polarization amplitudes. The
maximum integral power of AKR is observed at 20 MLT,
and then its intensity begins to gradually decrease (Figure
2). This decrease might be associated with a decrease in
Zgse, Which leads to a deterioration in observation con-
ditions of AKR from sources in the Northern Hemi-
sphere. Figure 4 shows the results of spectral analysis of
AKR recorded on June 6, 2017 as typical measurements
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Figure 4. Spectral analysis of AKR recorded on June 6, 2017 (left). A dynamic spectrogram of power spectrum (top), a spec-
trogram of polarization parameters (Ef —Ef ) / (Ef +E|2) (bottom). A schematic power density spectrum of AKR recorded

across interval 2 (as in Figure 3) (right).

of radiation in interval 2, as well as a schematic spectro-
gram of the AKR intensity across interval 2. When com-
paring the schematic spectrograms in Figures 3 and 4, we
find the following differences:

o intensities (number of intervals) of all amplitudes
in interval 2 is much higher than in interval 3;

e The schematic spectrum in interval 3 is incident
(the minimum value is invalid as being noisy) and in
interval 2 the spectrum is almost flat.

The difference between the intensities is attributed to
the lack of radiation sources on the dayside, and the
difference in nature between schematic spectra is likely
to arise from the inflowing of radiation into this region
and from the absence of sources as such.

In AKR spectrograms (Figure 4, left), we can identify
radiation of three types. The lowest-frequency radiation
from 100 to 300 kHz has a maximum intensity at ~12:40,
its source is in the Southern Hemisphere, and duration is

longer than ~2 hrs. The radiation is marked with red in the
bottom polarization spectrogram. Radiation of another type
in the frequency band from 300 to 600 kHz (with separate
bursts up to ~800 kHz) has an intensity comparable with
the southern radiation, is recorded throughout the observa-
tion period, and has a source in the Northern Hemisphere
(dark blue and light blue in the polarization spectrogram).
The transition from dark blue to light blue and back may be
attributed to the simultaneous recording of the radiation of
the two types from northern and southern sources in the
same frequency bands. In this case, at constant amplitude
of radiation, polarization coefficients decrease, which is
seen in the bottom spectrogram. From 12:20 to 13:16 there
is still higher frequency radiation 500-700 kHz. Polariza-
tion of this radiation points to a source located in the south.
This is likely to be the second or third AKR harmonic from
the same southern sources [Benson, 1982]. Note also that
frequency separation of spaced sources may take place:
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radiation from remote (more poleward) sources is recorded
in the spectrogram at low frequencies; and radiation from
nearby (more equatorward) sources, at higher frequencies.

In interval 4 (Figure 2), position of the satellite’s apo-
gee was shifted toward the Southern Hemisphere (z<0),
and the satellite recorded radiation mostly from southern
sources. In the Southern Hemisphere, it was local winter at
that time, and therefore the mean intensity is much higher
than in the previous interval (greater than the maxima).

Similarly to interval 2, the top spectrogram depicts
an AKR region typical for this interval. The bottom
spectrogram shows from which hemisphere this radia-
tion came. In the spectrogram, red color prevails, which
implies the radiation came from southern sources.

In Figure 5, spectrograms show radiation at frequen-
cies above 800-1000 kHz, which are harmonics of the
primary radiation from the southern source, but there
are no such harmonics from the northern source. This
situation also occurs at 11:46 when radiation from the
northern source prevails. This indicates the spatial filter-
ing we have discussed above. The schematic power
density spectrum of the AKR recorded in interval 4 is
close in power and intensity to measurements in interval
2 — the intensity distribution is nearly flat.

At 11:00-11:23 in the frequency band 1.3-1.5 MHz
there is a continuum radiation — synchrotron radiation
of radiation belt electrons.

In the schematic power spectra in Figures 4, 5, each
subsequent value differs from the previous one by an order
of magnitude, and therefore the highest power corresponds
to the right column — 10 °mV?%(m?Hz). Comparison of
the values in Figures 4, 5 shows that in interval 4 the mean
radiation intensity is almost twice as high as that in interval
2. This is due to the seasonal dependence of the AKR radi-
ation intensity. Measurements in interval 2 were carried out
in the Northern Hemisphere in summer (z>0), while in
interval 4 in the Southern Hemisphere it was local winter
(z<0). The papers [Kasaba et al., 1997; Mogilevsky et al.,
2005] have shown that during summer heated ionospheric
plasma flows emerge from the auroral ionosphere into the
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magnetosphere and suppress AKR radiation generation at
low altitudes. As such, the AKR spectrum becomes nar-
rower, thereby decreasing the integral radiation intensity.

When comparing the AKR mean intensity in intervals
2 and 4, we may note the presence of two intensity peaks
in interval 4. The intensity increase between 08 and 05
MLT is quite understandable and is linked to the size of
the cone of the AKR source radiation (see above). But the
subsequent decrease in the mean intensity and the mini-
mum at ~2.5 MLT have no explanation yet. The presence
of this minimum seems especially strange since the apo-
gee of the satellite orbit at that time was at a minimum
value of z, so there were the best conditions for detecting
AKR from southern sources. We plan to analyze this fea-
ture in detail in follow-up studies.

CONCLUSION

We have first investigated AKR signals from
sources in auroral regions of the Northern and Southern
hemispheres simultaneously recorded by one satellite
(ERG). Statistical processing of a large AKR dataset
(more than 20 months of continuous measurements)
gave the following results.

e We have examined AKR near the equatorial re-
gion and analyzed radiation properties.

o We have confirmed the earlier results on the loca-
tion of AKR sources, in particular on the possibility of
appearance of several sources in the auroral region and
seasonal variations in radiation intensity — intensity
decrease in summer and increase in winter.

e We have estimated the AKR radiation pattern
cone: in the dusk sector of the magnetosphere the open-
ing angle of the cone is +45°; in the dawn sector, +30°.

ERG (Arase) satellite data as well as specification
and characteristics of scientific instruments were re-
ceived from the ERG Research Center, led by the Insti-
tute of Space and Astronautical Science of the Japan
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Figure 5. Spectral analysis of AKR detected on August 7, 2018 (left). A dynamic spectrogram of power density spectrum (top), a
spectrogram of polarization parameters (bottom). A schematic power density spectrum of AKR recorded across interval 2 (right)
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Aerospace Exploration Agency and ISEE/Nagoya Uni-
versity [https://ergsc.isee.nagoya-u.ac.jp, Miyoshi et al.,
2018h].

The study analyzes PWE HFA-L2 v01.01. data
[Kumamoto et al., 2018].

This work was funded by RFBR (project No. 18-29-
21037).
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