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The electromagnetic fields measured on the ERG satellite are presented and their comparative analysis with
measurements on the WIND satellite is carried out. The possibility of capturing auroral kilometric radiation
(AKR) into plasma channels, which was first discovered on the ISEE satellite, has been confirmed. Plasma
inhomogeneities, formed with an increase in geomagnetic activity, are extended along the magnetic field and
form channels along which the radiation propagates. The trapped radiation spectrum is distorted because of
the relative position of the source and channel at low frequencies. The distortion of the AKR spectrum at high
frequencies is related to the frequency dependence of propagation conditions in the channel. Asymmetry of
the processes of formation of plasma channels and AKR sources in the northern and southern auroral regions

is found.
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1. The propagation of low-frequency electromag-
netic waves in a plasma with inhomogeneities was
studied in detail [1, 2]. For the passage of an electro-
magnetic pulse caused by a lightning discharge, it is
necessary to “screw” the wave vector in the equator
region of the conjugated hemisphere, which can be
realized when a signal propagates in plasma channels,
the so-called ducts—plasma inhomogeneities,
extended along the magnetic field. Such ducts are
formed as a result of elongation of ionospheric inho-
mogeneities along the field, and radiation is trapped in
the upper ionosphere. Similarly, the propagation of
signals from ground-based low-frequency transmitters
from one hemisphere to another occurs [3, 4]. Low-
frequency radiation propagation in plasma channels
with  increased (AN/N >0) and reduced
(AN /N < 0) plasma densities were theoretically con-
sidered in [5, 6]. Another mechanism of duct forma-
tion was reported in [7]. Fast measurements of the
plasma density showed that, during geomagnetic dis-
turbances, the plasmasphere approaches the Earth
and, near the equatorial plane, plasma clots separate
from it and then extend along the magnetic field. The
resulting plasma channels trap the radiation generated
near the equatorial region, for example, plasmaspheric

hiss, which penetrates into the ionosphere through
these channels.

In 1982, it was discovered on the ISEE-1 satellite
that auroral kilometric radiation (AKR) can also be
trapped into plasma channels and ducts and propagate
through these channels from auroral regions to the
inner regions of the magnetosphere, the plasmasphere
[8]. Unlike very low frequency radiation, AKR is
trapped only in channels with a reduced density
(AN /N < 0) and propagates in them over consider-
able distances.

2. In this paper, the results of measurements of
AKR trapped into a plasma channel and the propaga-
tion of this radiation in such a channel are considered.
For this purpose, the results of measurements on the
ERG (Arase) satellite, which was launched on
December 20, 2016, into an elliptical orbit with an
apogee of ~32 110 km (about six Earth radii), a perigee
of ~460 km, an orbit inclination of 31°, and a rotation
period of 8 s [9], were used. The observations used in
this paper were made with a High Frequency Analyzer
(HFA) [10], which is one of the instruments used in
the Plasma Wave Experiment (PWE) [11]. The HFA
calculates electric field spectra in the frequency range
of 2 kHz—10 MHz for two components perpendicular
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Fig. 1. (Color online) Geomagnetic activity indices SMU and SML. The time of radiation detection on the ERG satellite is high-

lighted in gray.

to the satellite rotation axis, which is directed to the
Sun. The time resolution is 8 s and the frequency res-
olution is —Af/f< 2.5%. The data of the ERG satellite
and features of its orbit were previously used to study
the AKR and continuum radiation near the equatorial
region [12—14].

To reveal the features of the radiation spectrum
trapped into the plasma waveguide, the measurements
onboard the Arase satellite were compared with the
observations on the WIND satellite. The WIND satel-
lite was launched on November 1, 1994, to the L1
Lagrange point and is operating safely at the present
time. In this work, measurements of the electric field
in the Waves experiment in the frequency range of 20—
1040 kHz (RAD1) [15] were used.

3. Figure 1 demonstrates the SMU and SML geo-
magnetic activity indices in auroral regions [16]. The
time of detection of radiations on the ERG satellite is
marked with a gray background. For 6 h before the
start of measurements, the geomagnetic situation was
calm, and a small geomagnetic disturbance, up to
500 nT, began at 08:50 UT, the active part of which
lasted until 10:30 UT, and then weakened. The pres-
ence of the small disturbance is confirmed by mea-
surements of the magnetic field in the solar wind,
which caused the substorm (see the supplementary
material).

4. The electric field measured on December 19,
2018, on the ERG (Arase) satellite is demonstrated in
Fig. 2. During the measurements, the satellite was
located mainly in the Southern Hemisphere (Z,, < 0,
where Z, is the Z coordinate in the solar-magnetic

coordinate system) and moved along the ascending
part of the orbit away from the Earth: the satellite at
09:00 UT was at the boundary of the plasmasphere
and at 11:00 UT was near the apogee. The top panel of
Fig. 2 demonstrates the dynamic spectrogram of the
electric field amplitude in the frequency range of 20—
800 kHz. According to this figure, AKR bursts are
observed in the frequency range of 200—400 kHz with
an average characteristic interval of about 6 min until
10:10 UT and then more often, with a characteristic
interval of 2—3 min. A narrowband signal at a fre-
quency decreasing from ~200 to ~100 kHz is a field
oscillation at the upper hybrid resonance (UHR) fre-

2 2 \1/2
quency, Oyyr = (O, + Wg,) /2 where ®,, and Wy, are

the plasma frequency and the gyrofrequency of the
electrons, respectively. Variations of the upper hybrid

resonance frequency (A®yyg/®yur ~ 0.5) are asso-
ciated with changes in the plasma density, since the
magnetic field in the observation interval changes
smoothly from ~460 to ~120 nT (which corresponds to
a cyclotron frequency of 13—4.5 kHz) and cannot be
responsible for such significant changes in the hybrid
frequency. Horizontal stripes on the spectrogram at a
frequency of 110 kHz and its harmonics are onboard
noise.

Auroral kilometric radiation bursts are recorded
synchronously with a decrease in the upper hybrid res-
onance frequency, which indicates the propagation of
the radiation inside channels with a reduced plasma
density.
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Fig. 2. (Color online) (Upper panel) Dynamic spectrogram of the electric field of radiation recorded in the interval of 09—11 UT
on December 19, 2018. (Lower panel) Spectrogram of the polarization coefficient.

The bottom panel of Fig. 2 demonstrates the spec-
trogram of the radiation polarization coefficient cal-
culated on board with respect to the satellite rotation
axis [9] using two mutually perpendicular components

of the electric field £, and E,. The projections of the
left and right components on the UV plane deter-
mined by the components E, and E, are expressed in

terms of the complex Fourier coefficients E; and Evv
of E, and E,, respectively, as

E,| = E, + E, expl~(m/2)i' /2 0
= (E[ +|E,[)/2 - ImE,E,*,
|Ex[ = E, + E, explH(n/2)i]’ /2

I ey )
= (E,[ +|E,[)/2 + ImE,E,*,

where the asterisk means complex conjugation and Im
denotes the imaginary part.
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After averaging over one rotation of the satellite,
8 s, the polarization coefficient is determined as

K(f) = ER —AEPY/WERY +(ELD).  (3)

Since the rotation axis of the satellite is directed
toward the Sun, the polarization coefficient depends
not only on the radiation polarization but also on the
relative position of the radiation source and the satel-
lite. The AKR burst at 09:17 UT in Fig. 2 is almost lin-
early polarized (K(f) = 0), and then, as the satellite
moves to the night side of the magnetosphere, the
polarization of AKR bursts changes (decreases), and
at 11:00 UT, it reaches 0.8, which indicates the right
polarization of radiation from a source located in the
Northern Hemisphere.

The relative position of the ERG and WIND satel-
lites, and the AKR source demonstrated in Fig. S2 in
the supplementary material allows comparison of the
AKR signals received on two satellites, as demon-
strated in Fig. S3 in the supplementary material.



605

Dec. 19, 2018 09:18:35

MOGILEVSKY et al.

ERG

i

S = faoe
)
A
1
/’-—_‘\

kHz

0 100 200 300 400 500 600 700 800 900 1000

Fig. 3. (Left part) Auroral kilometric radiation (AKR) spectra simultaneously recorded on the (solid line) ERG and (dashed line)
WIND satellites. The spike at 100—130 kHz is the upper hybrid frequency. (Right part) Schematic illustration explaining the cut-
off of the spectrum components at low frequencies when radiation is trapped into the channel: (/) magnetic field line on which
the AKR source is located, (2) plasma channel with reduced density, and (¢) opening angle of the AKR cone at the source output.
The limited opening of the radiation cone and channel dimensions limit the entry of frequencies below £ into the channel, the

source of which is located above. At frequency f,, the signal enters the channel partially, and at frequency f; and above, it enters

completely.

Figure 3 demonstrates the AKR radiation spectra
recorded simultaneously on two satellites at
09:18:35 UT. Part of the radiation at low frequencies
(100—200 kHz) is observed on the WIND satellite, but
is not visible on the ERG satellite. Such a cutoff of the
low-frequency part of the spectrum is associated with
restrictions on radiation trapped into the channel and
is determined by the ratio of the channel dimensions,
the opening angle of the radiation cone, and the alti-
tude dependence of the AKR generation frequency
[17, 18]. Since the AKR is generated at the local elec-
tron gyrofrequency, which depends on the altitude,
the higher frequency radiation generated at a lower
altitude enters the channel completely. Radiation
coming from high altitudes partially enters the chan-
nel, while frequencies above f; (in Fig. 3) do not enter
the channel at all, since the radiation cone and chan-
nel dimensions limit the trapping conditions.

The decrease in the spectrum at high frequencies is
due to the conditions of radiation reflection from the
walls of the plasma channel. Since the transverse size
of the channel is much larger than the radiation wave-
length, it is possible to use the geometrical optics
approximation for the reflection coefficient from an
inhomogeneous plasma [19]

P N,cos@, — N,cosQ,

; (4)
N,cos@, + N,cos o,

where N, and N, are the refractive indices inside and
outside the channel, respectively, and ¢, and @, are the
angles of incidence and refraction, respectively.

Since N> ~ (1- 0)5/0)2) [20], as the radiation fre-
quency increases, the refractive index approaches 1
and the reflection coefficient decreases. The total sig-
nal power in the opposite hemisphere is formed by

multiple reflections (Zr = r" where n is the number

of reflections, and for a specific example, n can reach
several tens), which leads to a faster decrease in the
signal with increasing frequency.

An example of the simultaneous capture of radia-
tion from two sources, one in the Northern Hemi-
sphere and the other in the Southern Hemisphere,
into a channel is demonstrated in Fig. 4.

The first maximum in the AKR spectrum is
observed at a frequency of 190 kHz, which corre-
sponds to a generation altitude of ~6900 km. The sec-
ond maximum is observed at a frequency of 350 kHz
and the AKR generation altitude is ~4300 km. When
passing from the first maximum to the second, the
radiation polarization changes from negative to posi-
tive. This change in the polarization indicates that
radiation from northern sources dominates at low fre-
quencies, while radiation from southern sources
becomes dominant at higher frequencies above
~310 kHz. The difference between the “northern” and
“southern” maxima in the AKR spectrum can be due
to different channel formation rates in the Northern
Hemisphere and Southern Hemisphere; as a result,
the ends of the channels are at different altitudes.
Another explanation for the difference in the fre-
quency of maxima in the spectrum may be different
positions of the field line of the AKR source with
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Fig. 4. (Color online) Characteristics of the AKR measured at 10:49:55 UT on December 19, 2018. (Upper panel) Signal ampli-
tude spectrum in the frequency range of 2 kHz—1 MHz. (Lower panel) Polarization coefficient spectrum. Negative and positive
values of this coefficient correspond to sources located in the Northern Hemisphere and Southern Hemisphere, respectively. The

spike at 100 kHz in the amplitude spectrum is the upper hybrid resonance frequency.

respect to the channel entrance. In this case, the
southern field line of the source should be located
closer to the pole and further from the channel, while
the northern one should be closer to the equator and,
accordingly, closer to the channel.

5. The analysis of AKR measurements on the ERG
satellite has provided the following conclusions.

—These measurements have confirmed that AKR
can be trapped into a channel formed by plasma inho-
mogeneities at the outer boundary of the plas-
masphere, as was previously observed on the ISEE-1
satellite.

—Plasma channels can be formed at low geomag-
netic activity, as well as AKR.

—When AKR is trapped into the plasma channel,
the radiation spectrum changes: the radiation inten-
sity increases quite rapidly at low frequencies
(~1 mV?/(m? Hz)) and decreases quite slowly at high
frequencies (—(0.15 — 0.25) mV?/(m? Hz)).

—The processes of formation of plasma channels
and AKR sources in the northern and southern auroral
regions are asymmetric.

Hence, the relative position of the magnetic field
axis can be determined from the measured spectrum
of cyclotron radiation from planets and exoplanets:
broadband radiation with a “rectangular” spectrum
should be detected from high-latitude regions of

JETP LETTERS Vol 115

No.10 2022

the magnetosphere, whereas the radiation spectrum
from near the equatorial region is distorted, resulting
in a “triangular” spectrum.
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