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In the inner magnetosphere of the Earth, various plasma waves are excited by wave—particle
interactions. Lower band chorus (LBC) waves scatter ~10 keV electrons into a loss cone by the cyclotron
resonance, and cause pulsating auroras (PsAs). On the other hand, upper band chorus (UBC) waves
cause stable precipitations at ~1 keV. Furthermore, electrostatic electron cyclotron harmonic (ECH)
waves scatter a few hundred eV to a few keV electrons. In recent decades, observations and theories
regarding LBC waves have been developed, and the relationship between LBC waves and PsAs has been
almost revealed. However, there has been no observational evidence that ECH waves actually scatter
electrons into a loss cone. In addition, the relationship between PsAs and low-energy (< a few keV)
electron precipitation caused by UBC or ECH waves has not been fully understood.

In this study, we aim to understand the following subjects. (1) Observational evidence of the scattering
of electrons into a loss cone by ECH waves. (2) Statistical analysis to examine the energy dependence
and occurrence rate of pitch angle (PA) scattering by LBC, UBC, and ECH waves. (3) How often the F
region electron density enhancement caused by soft electron precipitation occurs as associated with PsAs.
(4) Reconstruction of three-dimensional (3-D) distribution of volume emission rate (VER) and horizontal
distribution of precipitating electrons in a PsA patch. Results for each subject are summarized as follows.

(1) To verify whether ECH waves scatter electrons into a loss cone, we compared the ECH wave
intensity with the electron flux inside the loss cone obtained with the Arase satellite. The
cross-correlation coefficient between the ECH wave intensity and the loss cone electron flux at an energy
of ~5 keV was statistically significant, while that with LBC wave intensity at the same energy was small.
We calculated the PA diffusion coefficient of ECH waves, assuming that the wave normal angle is 87.00,
and the electron temperature is 1 eV. We found that the diffusion coefficient of 5-keV electrons is 10
times larger than that of other energies where cross-correlation coefficients were small. The linear
growth rate of ECH waves is also large when the wave normal angle and electron temperature satisfy
these conditions. We demonstrated that the electron flux correlated with the ECH wave intensity would
cause the 557.7-nm auroral emissions, with an emission rate of 200 R according to a model calculation.
As a result, we verified for the first time the observational evidence of PA scattering of electrons into a
loss cone by ECH waves.

(2) From the statistical analysis of wave and electron data obtained with the Arase satellite from March
24, 2017 to August 31, 2020, we examined the characteristics of the strong electron scattering by LBC,
UBC, and ECH waves, in the energy range from 0.1 to 20 keV. We revealed that the energy ranges where
LBC, UBC, and ECH waves contribute to scatter electrons into loss cones are as follows. The regression
line slopes for wave amplitudes versus loss cone filling ratios are positive, while correlation coefficients
between them are statistically significant in the energy range greater than ~2 keV for LBC, of ~1-10
keV for UBC, and smaller than ~2 keV for ECH waves. In these energies, the occurrence rate of the
strong PA scattering was also high for each wave. These energies are consistent with those predicted by
the quasilinear theory, in the case that PA diffusion coefficients exceed the strong diffusion level. We

clarified from the statistical analysis of the Arase data that a few keV electron precipitation scattered by
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ECH waves was not common, while electrons with energy less than 1 keV were commonly scattered by
ECH waves.

(3) We conducted two case studies to investigate the relationship between the electron density height
profile and auroral type, such as discrete, diffuse, and pulsating aurora, using the data obtained with the
EISCAT radar and an auroral all-sky imager at Tromse on February 18, 2018 and October 27, 2019. We
also carried out statistical studies on 14 events to clarify how often the F-region electron density
enhancement occurs as associated with PsAs. We consequently found that 76% of electron density height
profiles showed a local peak in the F'region with an electron temperature enhancement. Compared with
the model ionization profiles by electron precipitation, we suggest that 76% of these local peaks were
caused by precipitating electrons in the energy range lower than 100 eV. The occurrence rate of these
profiles exceeded 80% in the range of 22—3 magnetic local time. We suggest that the electron density
enhancement in the Fregion would be caused by the low-energy electrons scattered by ECH waves in the
magnetosphere.

(4) We reconstructed for the first time the 3-D VER and horizontal distribution of precipitating
electrons in a PsA patch by Aurora Computed Tomography (ACT). All-sky images at 427.8-nm auroral
emission obtained at Abisko, Kilpisjarvi, and Skibotn have been used. We improved the previous ACT
used for discrete auroras to apply diffuse and dimmer PsAs in the following three points: first, the
subtraction of background diffuse aurora from auroral images before conducting ACT, secondly, the
estimation of the relative sensitivity between all-sky cameras, and third, the determination of
hyperparameters of the regularization term. As a result, we succeeded to reconstruct the 3-D VER and
horizontal distribution of precipitating electrons in the PsA patch. The characteristic energy of the
reconstructed precipitating electron flux ranges from 6 to 23 keV, while the peak altitude of the
reconstructed VER ranges from 90 to 104 km, consistently with previous studies. We found that the
horizontal distribution of precipitating electron’s characteristic energy was neither uniform nor stable in
the PsA patch during the pulsation. The observed spatial and temporal variations of PsAs are important
to understand the background magnetic and plasma conditions that would cause changes in the
cyclotron resonance energy of LBC waves in the magnetospheric source region. Our reconstruction
results are a great advantage of multiple ground-based data, since such 3-D distributions cannot be
obtained by rockets and satellites. We quantitively evaluated the reconstruction results using a model
PsA patch with adding artificial noises, and compared with the ionospheric electron density observed by
the EISCAT radar. Considering the time derivative term in the electron continuity equation, the electron
density was reconstructed with sufficient accuracy even when the PsA intensity decreased from ~1 to
~0.1 kR. If the time derivative term is not considered, the electron density rapidly decreases as the PsA
intensity decreases. This result suggests that the time derivative term should be considered when we

derive the electron density associated with PsAs from the continuity equation.
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