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Abstract A stable auroral red (SAR) arc is an aurora with a dominant 630 nm emission at subauroral
latitudes. SAR arcs have been considered to occur due to the spatial overlap between the
plasmasphere and the ring‐current ions. In the overlap region, plasmaspheric electrons are heated by
ring‐current ions or plasma waves, and their energy is then transferred down to the ionosphere where it
causes oxygen red emission. However, there have been no study conducted so far that quantitatively
examined plasma and electromagnetic fields in the magnetosphere associated with SAR arc. In this
paper, we report the first quantitative evaluation of conjugate measurements of a SAR arc observed at
2204 UT on 28 March 2017 and investigate its source region using an all‐sky imager at Nyrölä (magnetic
latitude: 59.4°N), Finland, and the Arase satellite. The Arase observation shows that the SAR arc
appeared in the overlap region between a plasmaspheric plume and the ring‐current ions and that
electromagnetic ion cyclotron waves and kinetic Alfven waves were not observed above the SAR arc. The
SAR arc was located at the ionospheric trough minimum identified from a total electron content map
obtained by the GNSS receiver network. The Swarm satellite flying in the ionosphere also passed the
SAR arc at ~2320 UT and observed a decrease in electron density and an increase in electron
temperature during the SAR‐arc crossing. These observations suggest that the heating of plasmaspheric
electrons via Coulomb collision with ring‐current ions is the most plausible mechanism for the
SAR‐arc generation.

Plain Language Summary A stable auroral red (SAR) arc is an aurora with an optical red
emission at latitudes slightly lower than the auroral zone. SAR arcs have been considered to occur due to
the spatial overlap between the low‐energy plasmaspheric electrons and the high‐energy ring‐current
ions. In the overlap region, plasmaspheric electrons are heated by ring‐current ions or plasma waves, and
their energy is then transferred down to the upper atmosphere to cause the red emission. However,
there have been no study conducted so far that quantitatively examined plasma and electromagnetic
fields in the magnetospheric source region of SAR arcs. In this paper, we report the first quantitative
evaluation of a SAR arc using an all‐sky imager at Nyrölä, Finland, and the Arase satellite. The
Arase observation shows that the SAR arc appeared in the overlap region between a plasmaspheric plume
and the ring‐current ions in the inner magnetosphere. The electromagnetic waves associated with
the SAR arc were not observed. These observations suggest that the heating of plasmaspheric electrons by
ring‐current ions is the most plausible mechanism for the SAR‐arc generation. This result provides
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direct evidence of the previous theoretical expectation on the generation mechanism of red aurora at
lower latitudes.

1. Introduction

A stable auroral red (SAR) arc is an aurora with a dominant 630.0 nm emission of oxygen atoms generated at
subauroral latitudes. SAR arcs were first reported in southern France (Barbier, 1958) and have since been
widely investigated. SAR arcs have been considered to be caused by electrons of several electronvolts (eV)
that are generated in the overlap region between the plasmasphere and the ring‐current ions (e.g., Kozyra
& Nagy, 1997; Rees & Roble, 1975). Martinis et al. (2019) have observationally demonstrated that the SAR
arc is geomagnetically conjugate phenomena between Northern and Southern Hemispheres. In addition to
these optical features, various other features of SAR arcs have been reported. For example, Roach and
Roach (1963) reported that the average height of the peak intensity of the 630.0 nm emission was 400 km.
Marovich (1966) found that SAR arcs were observed in ~20% of nighttime observations during a solar
maximum. Foster et al. (1994) conducted simultaneous observations of a SAR arc with a Defense
Meteorological Satellite Program (DMSP) satellite, an all‐sky camera, and the Millstone Hill radar. They
found that the ionospheric trough and the subauroral ion drift occurred simultaneously in the SAR arc
region. Shiokawa et al. (2013) observed a SAR arc event that occurred in the initial phase of a geomagnetic
storm and showed that the plasmasphere and ring‐current ions overlapped spatially due to the inward
development of the ring current caused by storm‐time substorms. Mendillo et al. (2016) reported that a
SAR arc could develop zonally from east to west and additionally observed a patchy 557.7 nm emission
(oxygen atom). Shiokawa et al. (2009, 2017) and Takagi et al. (2018) used all‐sky imagers installed at
subauroral latitudes and observed the detachment of SAR arcs from the auroral oval to lower latitudes
associated with substorm recovery. Takagi et al. (2018) showed that these detachments occur mainly in the
premidnight sector. They explained that westward‐drifting ions injected from the night side caused a
higher occurrence of these detachments in the premidnight sector. Recently, Chu et al. (2019) reported the
simultaneous observation of a STEVE aurora collocated with a SAR arc using ground‐based instruments
and Van Allen Probes‐B. They mainly focused on the STEVE and concluded that the generation
mechanism is different between SAR arc and the STEVE. However, to the best of our knowledge, there
has been no study conducted so far that quantitatively examined plasma and electromagnetic fields in the
inner magnetosphere associated with SAR arcs.

It has been considered that the energy of the precipitating electrons (or heat flux) that are the source of
SAR‐arc emission is several eV. Kozyra and Nagy (1997) argued that there are three possible mechanisms
to generate these low‐energy electrons. The first hypothesis is the Coulomb collision between plasmaspheric
electrons (energies less than 1 eV) and ring‐current ions (several tens of keV); the energy is transported into
the ionosphere via heat conduction or as a low‐energy electronflux (e.g., Cole, 1965; Prolss, 2006). The second
hypothesis is that the Landau damping of electromagnetic ion cyclotron (EMIC) waves causes heated elec-
trons and their pitch angle scattering and thereby causes these electrons to precipitate into the ionosphere
(Cornwall et al., 1971). Wang et al. (2019) recently showed the possibility of heating plasmaspheric electrons
by Landau damping of EMIC waves using a test‐particle simulation. The third hypothesis is that the kinetic
Alfven waves (KAWs) whose electric field is parallel to the magnetic field accelerate plasmaspheric electrons
to the ionosphere. Lanzerotti et al. (1978) reported the observation of KAWs via ground‐basedmeasurements
in a conjugate region of a SAR arc. Kozyra et al. (1987) argued that the energy transfer to the background elec-
tron is maximized for ring‐current protons with energies of 1–2 keV and for ring current oxygen ions with
energies of tens of keV. Furthermore, they noted that oxygen ions are the major source of electron heating.
However, which mechanism is the dominant source of electron heating remains unknown because no quan-
titative evaluation have been made for the high‐altitude energy source of a SAR arc.

In this study, we report first quantitative evaluation of the conjunction event of a SAR arc using an all‐sky
cooled‐CCD imager at Nyrölä, Finland, and the Arase satellite in the magnetosphere in the Southern
Hemisphere at a magnetic latitude of−33° at L ~3.7. Additionally, simultaneous and co‐located observations
from the Swarm satellites and ground‐based total electron content (TEC) maps are used to support the ana-
lysis. These observations enable us to discuss the validity of the three possible mechanisms for the generation
of precipitating electrons. EMIC waves and KAWs were not observed by Arase. The SAR arc was mapped to
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the overlap region between the ring‐current ions and the plasmasphere identified by the Arase satellite. We
conclude that the heating of plasmaspheric electrons via Coulomb collision with ring‐current ions is the
most plausible mechanism for the generation of the SAR arc.

2. Instrumentation

The all‐sky cooled‐CCD imager (imager #18) that was used in the present analysis is part of the Optical
Mesosphere Thermosphere Imagers (Shiokawa et al., 1999, 2000) and is installed at Nyrölä, Finland
(62.34°N, 25.51°E, magnetic latitude [MLAT]: 59.44°N, L = 3.87) at subauroral latitudes by the PWING pro-
ject (Shiokawa et al., 2017) to capture faint auroral and airglow emission. The imager was equipped with five
optical filters with a narrow passband (transmission width: 1.5–2.0 nm) that transmit the emission of specific
lines of aurora and night airglow. The filters are for emissions at wavelengths of 557.7 nm (oxygen atoms),
630.0 nm (oxygen atoms), 700–1,000 nm (OH‐band), 486.1 nm (hydrogen atoms), and 572.5 nm (background
continuous emission). In this analysis, 557.7 and 630.0 nm images were used to observe the aurora and air-
glow. The all‐sky imager used in this study was calibrated to derive the absolute intensity using optical facil-
ities at the National Institute of Polar Research, Japan (Shiokawa et al., 2000). Typical read‐out noise of the
CCD camera is less than a few Rayleigh (corresponding to ~10 counts).

The exploration of energization and radiation in geospace (ERG, also called Arase) satellite (Miyoshi,
Shinohara, et al., 2018) was launched on 20 December 2016 and started regular observations on 23 March
2017. Arase has been flying in an elliptical earth orbit of 400 × 32,000 km with an orbital period of about
570 min. This study used instruments onboard the Arase satellite, namely, the Plasma Wave Experiment
(PWE) (Kasahara et al., 2018), the Electric Field Detector (EFD) (Kasaba et al., 2017), the High‐Frequency
Analyzer (HFA) (Kumamoto et al., 2018), the Magnetic Field Experiment (MGF) (Matsuoka et al., 2018),
the Low‐Energy Particle Experiments–Electron Analyzer (LEP‐e) (Kazama et al., 2017), and the
Medium‐Energy Particle Experiments–Ion Mass Analyzer (MEP‐i) (Yokota, 2017). The Arase satellite data
were analyzed using the Space Physics Environment Data Analysis Software (SPEDAS) tool
(Angelopoulos et al., 2019).

This study also used two‐dimensional TEC data with a temporal and spatial resolution of 5 min and
0.5° × 0.5°, respectively, which were derived from Global Navigation Satellite System (GNSS) data in
Receiver INdependent EXchange (RINEX) format. The global GNSS data were obtained in January 2020
from more than 9,000 GNSS stations installed all over the world. The absolute values of vertical TEC were
estimated using the technique developed by Otsuka et al. (2002). Slant TEC values were converted into ver-
tical TEC values near the geographic longitude of the Nyrölä station under the assumption that the iono-
sphere is a thin layer at a height of 400 km. The slant TEC data with a zenith angle of less than 75° were
selected, and a keogram (geographic latitude–time plot) of TEC was created.

Swarm is a constellation mission consisting of three identical satellites launched by the European Space
Agency (ESA) on 22 November 2013 (e.g., Olsen et al., 2016). In addition to data from the Arase satellite,
this study used data from two of the three Swarm satellites, namely, Swarm‐Alpha (Swarm‐A) and
Swarm‐Charlie (Swarm‐C). These two satellites fly almost side‐by‐side in polar orbits at an initial altitude
of 480 km with a separation of 1.4° in longitude at the equator and at an inclination angle of 87.35°. Each
Swarm satellite is equipped with an absolute scalar magnetometer and a fluxgate vector field magnetometer
including star trackers to obtain high‐precision absolute magnetic field vectors. The time and position of the
satellites are provided by onboard GPS receivers. Swarm observes electron density and electron temperature,
using I‐V characteristics of the electric potential offset of the satellite measured by the Langmuir probes
(Knudsen et al., 2017). Lomidze et al. (2018) calibrated and validated the measurements of plasma density
and temperature using ground‐based radars and satellite radio occultation measurements.

3. Observation Results

Figure 1 shows the AU, AL, and SYM‐H indices (Iyemori, 1990; Iyemori & Rao, 1996) for the interval during
the SAR arc event which was studied in this work. In the present analysis, the SAR arc was detached (sepa-
rated equatorward and became distinct from the diffuse aurora in themain auroral oval) at ~1840 UT, shown
as the left vertical dashed line in Figure 1. The 4‐day SYM‐H variation (Figure 1b) indicates that the SAR arc
occurred during the recovery phase of the geomagnetic storm that began on 27 March 2017. As shown in
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Figure 1a, several substorms occurred in association with negative excur-
sions of the AL index (World Data Center for Geomagnetism, Kyoto et
al., 2015). The SAR arc analyzed in this study was detached around the
end of the expansion phase of the substorm that started at ~1640 UT, as
shown later in Figure 4a. Here, we defined the start of the expansion
phase using the AU/AL indices.

Figure 2 shows the trajectory of the ionospheric footprint of the Arase
satellite mapped to an altitude of 400 km using the Tsyganenko‐Sitnov
2005 (TS05) magnetic field model (Tsyganenko & Sitnov, 2005) when
the satellite crossed the SAR arc on 28 March 2017. To drive TS05 model,
the solar wind parameters andW‐parameters in TS05 web repository pub-
lished by N. Tsyganenko were used. The black point indicates the location
of Nyrölä, Finland, where the ground all‐sky imager was operated. The
five oblique lines indicate positions of L = 2.5, 3.0, 4.0, 5.0, and 6.0 from
the low latitude side, respectively. Here, L is the L‐shell derived from the
International Geomagnetic Reference Field model (Thébault et al., 2015).
Arase's ionospheric footprint passed over Nyrölä from the southwest to
the northeast from 22:00 to 23:00 UT.

Figure 3 shows auroral images taken at 1914:50–2240:20 UT on 28 March
2017 at Nyrölä through the 630.0 nm filter. These images were converted
to geographical coordinates by assuming an emission altitude of 400 km.
The SAR arc is in the south‐center of the images and appears as an east‐
west elongated emission structure.

The northern halves of the images in Figure 3 are saturated, indicating the
existence of the main auroral oval. The SAR arc extended in the east‐west
direction at around 62° latitude from 1840 UT (before the time shown in
Figure 3), slightly to the south of the diffuse aurora in the auroral oval in
the images. After 1840 UT, the SAR arc developed equatorward down to
~60° latitude. After this time, the north‐south boundaries of the SAR arc
became blurred, and the arc's latitudinal width increased. This SAR arc
existed from 1840 to 2330 UT. Mendillo et al. (2013) showed that the aver-
age location of SAR arc and the average equatorward edge of diffuse aurora
are barely separated statistically, which indicates that our SAR‐arc defini-
tion is valid. The footprint of the Arase satellite clearly crossed the SAR arc
at around 2201–2206 UT.

Figure 4a shows a keogram of TEC at the geographic longitude of the
Nyrölä station. A clear TEC depletion (<3.0 TECU) with a latitudinally
narrow structure can be observed below 66° latitude, with the latitude of
this depletion decreasing with time. This depletion corresponds to the
ionospheric trough. The white curve in Figure 4a indicates the location
of the trough minimum.

Figures 4b and 4c show keograms for 630.0 and 557.7 nm images that are
converted to geographical coordinates by assuming an emission altitude
of 400 and 120 km, respectively. These keograms contain information
on the temporal variation of emission intensity only at the longitude of
Nyrölä. Figure 4b shows that the SAR arc was detached from the south-
ward boundary of the main oval (~64°N) just after 1840 UT, and this
detached SAR arc lasted for more than 5 hr until about 2400 UT.
Because the SAR arc peeled away from east to west, it was detached earlier
than 1840 UT to the east of Nyrölä and later than 1840 UT to the west of
Nyrölä. On the other hand, such a structure detached from the main oval
is not found in the 557.7 nm keogram shown in Figure 4c, indicating that

Figure 1. (a) Eight‐hour AU and AL indices on 28 March 2017.
(b) Four‐day SYM‐H index on 26–30 March 2017. The left vertical dashed
line shows the time when the SAR arc was detached and the right
vertical dashed line shows the time when Arase crossed the SAR arc.

Figure 2. Trajectory of the ionospheric footprint of the Arase satellite
mapped at an altitude of 400 km using the TS05 model.
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the observed 630 nm arc structure is a SAR arc. In Figure 4b, the location of the ionospheric trough
minimum almost coincides with the location of the SAR arc over the time during which it occurs.
However, the newly detached, bright SAR arc at about 1840–1925 UT appears at a slightly higher latitude
than the trough minimum. The 630.0 nm intensity exceeded 500 R during this period and subsequently
decreased to ~200–300 R.

Continuous 630 nm images are also shown inMovie S1. From this movie, it can be seen that the SAR arc was
detached from the diffuse aurora in the auroral oval and remained stable for a long time, and additionally
that the SAR arc experienced a westward motion at about 1840–2000 UT.

The Swarm‐A and ‐C satellites also crossed the SAR arc at an altitude of ~450 km. Figure 5a shows the orbit
of the Swarm‐A and ‐C satellites at ~2320 UT on 28 March 2017. Swarm‐A and ‐C crossed the SAR arc at
around 2320:10 UT. Figure 5 also shows the electron density (b), electron temperature (c), and field‐aligned
currents (d) as measured by the Swarm‐A (red) and ‐C (blue) satellites, as well as timestamps marked every
50 s from 2318:30 to 2322:50 UT (e) and the 630.0 nm airglow/auroral intensity at the Swarm‐A (red) and ‐C
(blue) location observed by the camera at Nyrölä (f). As shown in Figure 5a, Swarm‐C also crossed the SAR
arc almost simultaneously. Although the variation of the emission intensity shown in Figure 5f was obtained
from pixels along the Swarm trajectories for every 1 s, the temporal resolution of the camera was 90 s.
Additionally, it should be noted that the emission intensities at multiple positions were obtained from a sin-
gle image. In other words, Figure 5f includes temporal and spatial variations of the 630.0 nm emission. As
shown in Movie S1, the SAR arc had only minor spatial and temporal variations.

In Figure 5a, we can identify the time when the Swarm‐A and ‐C satellites crossed the SAR arc by the tra-
jectory of the Swarm satellites. As can be seen in Movie S1 and Figure 5a, the east‐west weak emission indi-
cated by the pink arrow is the SAR arc immediately before its disappearance. In Figure 5f, a shoulder‐like

Figure 3. 630 nm images captured with an all‐sky airglow imager at Nyrölä on 28 March 2017 at the following times
(all in UT): (a) 1914:50, (b) 2130:20, (c) 2203:20, (d) 2207:50, (e) 2220:20, and (f) 2240:20. These images were
converted to geographic coordinates by assuming an auroral emission altitude of 400 km. Red dashed curves show the
trajectory of the footprint of the Arase satellite mapped at an altitude of 400 km using the TS05 model. The red star
shows the position of the footprint of Arase at the time when the image was taken. The horizontal and vertical axes
correspond to the geographic latitude and geographic longitude (20.48° × 20.48° centered on Nyrölä), respectively.
The grayscale represents the 630.0 nm emission intensity. The black shadows in the upper left and lower left are
trees in the surrounding forest.
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enhancement of 630 nm intensity is seen at the timing of the SAR arc crossing. The emission from the
auroral oval overhangs the lower latitudes, so that clear intensity peak at 630.0 nm is not visible in
Figure 5f at the timing of SAR arc crossing. There is a remarkable peak at 53 degrees in geographic
latitude in Figure 5f. This localized emission appears only in the images at around ~2317 UT for less than
10 min. It is a localized cloud.

As can be seen in Figure 5d, the field‐aligned current was not observed at the location of the SAR arc by
either of the Swarm‐A and ‐C satellites. In Figure 5b, the electron density decreases from 51° to 61° latitude
and nearly reaches its minimum at the location of the SAR arc. This low‐electron density corresponds to the
ionospheric trough shown in the TEC keogram in Figure 4a. In Figure 5c, the electron temperature increases
from 53° to 60° latitude and has a peak at the location of the SAR arc, which is also consistent with the sig-
nature of the ionospheric trough (e.g., Foster et al., 1994). It is noteworthy that the electron density slightly
increases at the location of the SAR arc (Figure 5b); this may indicatemoderate supply (precipitation) of elec-
trons heated by Coulomb collisions from the magnetosphere to the SAR arc.

Figure 6 shows data from the Arase satellite during its crossing of the SAR arc. During the time interval
shown in this figure, Arase was moving outward from L ~2.2 to L ~4.1 in the Southern Hemisphere at
MLATs of approximately −33° to approximately −31°, where L is McIlwain's L‐parameter (McIlwain,
1961). The figure shows the electric field spectra obtained by PWE/HFA (a), the MEP‐i proton flux (b),
the LEP‐e electron flux (c), the electric field in solar magnetospheric (SM) coordinates measured with the
EFD (d), the satellite potential from the EFD (e), and the emission intensity of 630.0 nm at the footprint
of Arase at an altitude of 400 km at Nyrölä (f). Again, it should be noted that the variation of the emission
intensity in Figure 6f was obtained from pixels along Arase's orbit for every 6 s, while the temporal resolution
of the camera was 90 s. It should also be noted that the emission intensities at multiple positions were
obtained from a single image.

Figure 4. (a) Keogram of the total electron content (TEC) map at the longitude of Nyrölä, and keograms obtained by
slicing the (b) 630.0 nm and (c) 557.7 nm images at Nyrölä from 1840:00 UT to 2400:00 UT on 28 March 2017. The
white curve in (a) and the black curve in (b) indicate the location of the trough minimum. Pink arrows in (b) indicate the
location of the SAR arc. The left and right vertical black dashed lines represent the timing when the Arase satellite
and the Swarm satellite crossed the SAR arc, respectively.
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In this analysis, the TS05 model was used to map the Arase satellite from the magnetosphere to the iono-
sphere. In order to verify the ambiguity of the field‐line mapping, we compared the magnetic field of the
TS05 model at the location of the Arase satellite with the magnetic field observed by the Arase satellite at
the peak location of the SAR arc. The difference in the magnetic field (Bsatellite − Bmodel) was (20.384,
0.110, and 28.435) nT in geocentric solar magnetospheric (GSM) coordinates. We searched for a position
where (Bsatellite − Bmodel_shifted) becomes close to zero by changing the position of Arase in the model.
We obtained the position ΔR where Bsatellite − Bmodel_shifted becomes (0.066, 0.179, and −0.102) nT is
ΔR = (−0.0092, +0.00564, and +0.0189) Re in GSM coordinates from the original position, indicating the
ambiguity of the position of Arase. The intensity change at the moved position of Arase is shown by the
red dashed line in Figure 6f, and the peak time is almost unchanged. Although not shown in the figure,
the SAR arc peak is almost the same even when the Tsyganenko 01 model was used (Tsyganenko, 2002a,
2002b).

In order to evaluate the ambiguity arising from the altitude of the SAR‐arc emission, the mapping altitude
was changed from 400 to 300 km. The 630 nm emission at the footprint (300 km) is shown by a blue dashed
line in Figure 6f. The SAR arc peak did not change in this case either, because the SAR arc was observed near
the zenith of Nyrölä. Based on these analyses, we consider that the location of the SAR arc peak is accurate
enough within the range of the dashed and solid curves in Figure 6f.

Figure 5. (a) 630 nm image captured with an all‐sky airglow imager at Nyrölä at 2320:20 UT on 28 March 2017. This image was converted to geographic
coordinates by assuming an auroral emission altitude of 400 km. Red and blue dashed curves show the trajectories of the Swarm‐A and ‐C satellites,
respectively. (b) Electron density, (c) electron temperature, and (d) field‐aligned current measured by the Swarm‐A (red) and ‐C (blue) satellites. (e) Timestamps
marked every 50 s from 2318:30 to 2322:50 UT, and (f) 630.0 nm airglow/auroral intensity observed at Nyrölä at the locations of the Swarm‐A (red) and ‐C (blue)
satellites. The two black vertical dashed lines in (b)–(f) indicate the width of the SAR arc taken from panel (f) for the Swarm‐A satellite.
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Figure 6. (a) Electric field spectra obtained by PWE/HFA, (b) MEP‐i medium‐energy proton flux, (c) LEP‐e low‐energy
electron flux, (d) electric field in SM coordinates measured by EFD, (e) satellite potential measured by EFD, and
(f) 630.0 nm intensity at the Arase footprint at an altitude of 400 km observed at Nyrölä. The horizontal axis spans 2135 to
2215 UT. The position of the Arase satellite is also shown on the horizontal axis as geomagnetic parameters. Note
that MLAT does not represent the magnetic latitude of the ionospheric footprint, but the latitudinal angle at which the
satellite is located from the magnetic equatorial plane to the Earth's center. The vertical black dashed line shows the
timing of the maximum intensity of the SAR‐arc emission. The pink dotted curve shows the UHR frequency. The
intensity change at the moved position of Arase is shown by the red dashed line in Figure 6f.
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As can be seen in the high‐frequency electric field spectra from the PWE/HFA instrument (pink dotted curve
in Figure 6a), the upper hybrid resonance (UHR) frequency dropped substantially at ~2140, indicating that
Arase exited the plasmasphere at this time. Subsequently, the UHR frequency rose again at ~2158 UT, sug-
gesting that Arase entered a plasma plume. The outer boundary of this plume was located exactly at the
intensity peak of the SAR arc.

The proton flux with energies of 5–100 keV/q of MEP‐i shown in Figure 6b suggests that Arase observed the
ring‐current ions when it crossed the SAR arc. In Figure 6b, an energy‐L dispersion (nose structure) can be
observed at ~2150–2200 UT. Such structures are often observed in ring‐current ions (e.g., Ejiri, 1978; Smith &
Hoffman, 1974; Vallat et al., 2007). In Figure 6c, the electron flux below 50 eV slightly increases around the
peak of the SAR arc. At ~2204:10 UT, the satellite potential in Figure 6e and the electric field in the ZSM com-
ponent in Figure 6d show positive and negative excursions, respectively, with a duration of 20–30 s. The
satellite potential is related to the ambient electron density and the electron temperature (e.g., Anderson
et al., 1994). The Arase satellite was positively charged at ~2204:10 UT possibly due to the electron density
gradient at the outer boundary of the plume. This satellite potential enhancement may have caused accelera-
tion of electrons toward the satellite, and thus, the increase of low‐energy electron fluxes below 50 eV in
Figure 6c. Therefore, these enhancements of satellite potential and low‐energy electron flux may not be
related to the SAR arc generation. A small negative excursion of the electric field (~2 mV/m) in the ZSM
direction coincided with the satellite potential enhancement at ~2204:10 UT. However, the negative excur-
sion does not correspond to the entire width of the SAR arc. This indicates that Arase did not observe a SAR‐
arc associated converging electric field (and corresponding flow shear), which is often observed in regular
auroral arcs in the auroral oval (e.g., Burke et al., 1982; Coroniti & Pritchett, 2014; Shiokawa et al., 1996).

Figure 7 shows (a) electron density calculated from the UHR frequency, (b) omnidirectional oxygen ion flux,
(c) omnidirectional proton flux, and (d) magnetic field deviation from 5 min running averages in SM coor-
dinates, all observed by the Arase satellite, as well as 630.0 nm airglow/auroral intensity observed at the
Arase footprint at a height of 400 km (e).

As seen in the electron density in Figure 7a, Arase exited the plasmasphere at ~2140 UT, entered the plasma
plume at 2158 UT, and exited the plasma plume at 2204 UT when it crossed the SAR arc. The observed den-
sity variations seen at 2142–2148 UT may correspond to density irregularities often found outside the plas-
mapause (e.g., Horwitz et al., 1986). The plasma plume was embedded in the region where the ring‐current
ions had a nose structure. As shown in Figure 7c, the oxygen ion flux intensified at 2205–2210 UT at energies
of ~8–20 keV/q during the crossing of the SAR arc. In Figure 7d, there is no magnetic field fluctuation asso-
ciated with the crossing of the SAR‐arc on the scale of several nT, suggesting that there is no magnetic waves
with a meaningful amplitude associated with the SAR arc.

Figures 8a–8c show dynamic spectra of the magnetic field observed by Arase at frequencies of 0.3–10 Hz in
order to investigate the possibility that the Landau damping of EMIC waves heats plasmaspheric electrons.
As can be seen from the spectra, the power spectral density (PSD) shown in Figure 8 are mostly less than
10−2 nT2/Hz, and no clear enhancement of EMIC waves is identified above the SAR arc as compared with
the non‐SAR arc region. The PSD increases at both ends of the SAR arc, in addition to a weak enhancement
at the peak of the arc. This increase in PSD corresponds to the location of the density gradient in Figure 7a.
These PSD enhancements may be related to the fact that radial density gradients can guide EMIC waves and
favor wave growth conditions (e.g., Chen et al., 2009; de Soria‐Santacruz et al., 2013). However, these PSD
enhancements are weak as discussed in section 4 and do not correspond to the structure of the SAR arc.

In order to evaluate the magnetic field variation at lower frequencies, we analyzed the 8 s data of Arase/
MGF. Figures 8d–8f indicate dynamic wavelet spectra of the magnetic field observed by Arase at a frequency
range of 1–62.5 mHz. As seen in these panels, local enhancement of PSDs associated with the SAR arc was
not observed. The PSDs at ~10 mHz over the SAR arc were at most ~5 nT2/Hz which is too weak to generate
SAR arc as discussed in section 4.

4. Discussion

Figures 1a and 1b show that the SAR arc was observed during the recovery phase of the geomagnetic storm
and during the occurrence of recurrent substorms. This is consistent with past observations of SAR arcs (e.g.,
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Kozyra et al., 1987; Mendillo et al., 2016; Rees & Roble, 1975). Additionally, Figure 1a shows that the SAR arc
was detached from the diffuse aurora in the auroral oval around the end of the expansion phase of a substorm.
This is also consistent with the characteristics of SAR‐arc detachment reported by Takagi et al. (2018).

Chu et al. (2019) showed a conjunction event of a STEVE aurora collocated with a SAR arc using all‐sky ima-
gers and Van Allen Probe‐B. They focused on the STEVE generation mechanism and concluded that the

Figure 7. (a) Electron density calculated from the UHR frequency, (b) omnidirectional oxygen ion flux,
(c) omnidirectional proton flux, (d) magnetic field deviation from 5 min running averages, all observed by the Arase
satellite, and (e) 630.0 nm airglow/auroral intensity observed at Nyrölä at the Arase footprint. The horizontal axis is from
2135 to 2210 UT. The vertical dashed line indicates the time of peak intensity of the SAR‐arc emission at the footprint.
Figures 7b and 7e are based on the same data as those in Figures 6b and 6f, respectively.
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SAR arc was originated by Coulomb collision between plasmaspheric cold electrons, ions, and ring current
ions, based on the observed overlap of the plasmasphere and the ring current ions above the SAR arc.
However, they did not evaluate quantitatively on the Coulomb collision processes and did not investigate
electromagnetic waves that are another possible mechanism of the SAR arc generation.

Kozyra and Nagy (1997) introduced three mechanisms—namely, Coulomb collision, EMIC waves, and
KAWs—by which the plasmaspheric electrons are heated by the ring‐current ions. EMIC waves and

Figure 8. (a–c) Fast Fourier transform spectra of the magnetic field at a frequency range of 0.3–10 Hz. (d–f) Wavelet
spectra of the magnetic field at a frequency range of 1–62.5 mHz observed by the MGF onboard the Arase satellite. (g)
630.0 nm airglow/auroral intensity observed at Arase's ionospheric footprint. Panel (g) is based on the same data as
Figures 6f and 7e. The yellow, pink, and red curves in (a–c) represent the gyro frequencies at the magnetic equator of
protons, helium, and oxygen, respectively.
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KAWs are both generated at themagnetic equator. Coulomb collisions occur more effectively as ring‐current
ions approach the earth along the magnetic field lines, because the plasmaspheric electron density increases
at lower altitudes. Based on the present observations, these hypotheses are verified in the following sections.

4.1. Coulomb Collisions as a Source of SAR Arc Energy

Previous studies have suggested that the plasmaspheric electrons are heated by the ring‐current ions via
Coulomb collision and the consequent heat flux transported to the ionosphere causes SAR arcs. In the pre-
sent observations, the plasmasphere and the ring‐current ions were actually found to overlap. However, as
shown in Figure 7, the overlap region was wider than the width of the SAR arc observed by the all‐sky ima-
ger. We consider two possible causes for the difference in the widths of the overlap region and the SAR arc.
One is that the oxygen ion flux at ~8–20 keV/q, which is locally intensified near the SAR arc (Figure 7c),
could be important for the generation of the SAR arc. Kozyra et al. (1987) claimed that oxygen ions at ener-
gies of several tens of keV contribute significantly to the generation of SAR arcs. Another possible cause is
that the ring‐current ions below ~5 keV/q, which were not measured by Arase, contributed to the
Coulomb collision. The width of the overlap region between ring‐current ions at ~5 keV/q and the plasma
plume is comparable with that of the SAR arc due to the energy‐L dispersion of the nose structure, as shown
in Figures 7b and 7a. According to Kozyra et al. (1987), protons with energies of 1–2 keV cause Coulomb col-
lisions most efficiently.

We further examined the former possible cause of the difference in the widths of the overlap region and the
SAR arc, namely, the local enhancement of oxygen ions. Figure 9 shows the calculated heat flux from (a)
protons, (b) helium ions, and (c) oxygen ions to ambient electrons due to Coulomb collision. The heat flux
from Coulomb collision were calculated from the ion flux observed by Arase/MEP‐i and the electron density
based on the UHR frequency observed by Arase/PWE based on the methods of Fok et al. (1991) and
Jordanova et al. (1996). The minimum and maximum energies for the calculation were 5.0 and
109 keV/q, respectively. The composition of the plasmaspheric plasma was assumed to be H+:He+:
O+ = 77:20:3, and the temperature of plasmaspheric plasma was assumed to be 1 eV. Figure 9d shows the
total heat flux due to Coulomb collisions with these ions. Note that these heat fluxes are the sums of those
flowing into both hemispheres. Thus, we should divide the rates by two to estimate the amount for one
hemisphere. The heat flux reaching each hemisphere may not be the same (Mendillo & Wroten, 2019).
Figure 9e indicates the 630.0 nm airglow/auroral intensity observed at the Arase footprint and is based on
the same data as are Figures 6f, 7e, and 8g. The estimated heat flux due to Coulomb collisions between elec-
trons and oxygen ions (>~5 keV/q) is on the order of 107 eV/cm2/s. According to Kozyra et al. (1993), the
generation of SAR arcs requires a heat flux on the order of 109–1010 eV/cm2/s, indicating that the estimated
heat flux due to Coulomb collisions between electrons and oxygen ions (>~5 keV/q) is too small to contri-
bute to the generation of the SAR arc. This result suggests that the local enhancement of oxygen ions
observed by MEP‐i is not essential for the generation of the SAR arc.

We next discuss the latter possibility that the ring‐current ions below ~5 keV/q mainly contribute to the
thin structure of the SAR arc. As can be seen from Figure 9d, the total heat flux does not reach the order
of 109–1010 eV/cm2/s. The reason for this is possibly that the heat flux from Coulomb collision was
underestimated because ion fluxes with an energy of 5 keV/q or higher measured by Arase/MEP‐i were
used; unfortunately, LEP‐i (Asamura et al., 2018) data covering lower energies were not available during
this event. According to Kozyra et al. (1993), the most efficient particles of energy transfer to plasmaspheric
electrons are protons with energies of ~1–2 keV, helium ions with energies of ~7 keV, and oxygen ions with
energies of ~ 30 keV. Coulomb collisions with protons and helium ions below 5 keV/q were not included in
the present calculations, which may have led to the underestimation of the heat flux. The low‐energy ions
at energies below 5.0 keV/q, which could not be observed at this time, may contribute to the generation of
the SAR arc via Coulomb collision. Ions with energies ranging from ~1 keV to a few hundreds keV
contribute to the storm‐time ring‐current (Smith & Hoffman, 1973). Additionally, the empirical model of
low‐energy ring‐current ions constructed by Collin et al. (1993) shows that the average proton flux at
energies below 1 keV is ~106/s‐cm2

‐sr‐keV/q at L = 3.5–4.5. These facts indicate that low‐energy protons
below 5.0 keV/q may be important for the generation of SAR arcs. The oxygen torus, which is an enhanced
low‐energy oxygen‐ion mass near the plasmapause (e.g., Fraser et al., 2005; Nosé et al., 2015), may also has
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some association with the SAR arc generation. In the future, these possibilities should be investigated by
studying more conjunction events using LEP‐i.

The reason why the SAR arc investigated in this study is latitudinally thin may also be related to the iono-
spheric trough. As shown in Figure 4, the location of the minimum of this trough almost coincides with
the location of the SAR arc over the time during which it occurs. The Swarm‐A and ‐C data presented in
Figure 5 show high electron temperature and a localized small enhancement of electron density in the
trough minimum at the SAR arc crossing. These facts indicate that the heated electrons in the plasma

Figure 9. Calculated heat flux due to Coulomb collision between electrons and (a) protons, (b) helium ions, and
(c) oxygen ions. The heat fluxes were obtained from MEP‐i and electron density (estimated from UHR frequency)
observed by Arase. The composition of the plasmaspheric plasma was assumed to be H+:He+:O+ = 77:20:3 and the
temperature was assumed to be 1 eV. (d) Total heat flux. (e) 630.0 nm airglow/auroral intensity observed at Nyrölä at the
Arase footprint. Panel (e) is based on the same data as Figures 6f, 7e, and 8g.
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plume excite 630 nm emission only at the location near the trough minimum. Past studies suggested that the
ionospheric electron density is important for the generation of SAR arcs because the cooling of the electrons
by the ions in the ionosphere is less efficient in the trough region (e.g., Kozyra et al., 1990; Kozyra &
Nagy, 1997; Rees & Roble, 1975). The heated electrons are cooled through collision with ambient ions in
the ionosphere (e.g., Su et al., 2015), while the heated electrons in the trough region lose less heat due to
the lower ion density. Moreover, ionospheric electrons in the trough region can absorb a larger share of heat
from the magnetospheric heat flux due to its low density, causing localized enhancement of electron tem-
perature (e.g., Prolss, 2006). For these reasons, 630 nm emission may be confined around the trough mini-
mum. However, the bright SAR arc at the moment of detachment is located at slightly higher latitudes
than the trough minimum, as shown in Figure 4b. This may be related to the fact that the SAR arc appears
on the poleward side of the trough immediately after its generation, where there is a larger amount of iono-
spheric electrons compared with the trough minimum, leading to a brighter emission. These observation
results show the importance of the mutual relationship between the position of the heat flux supplied from
the magnetosphere and the position of the ionospheric trough.

4.2. EMIC Waves and KAWs as a Source of SAR‐Arc Energy

As can be seen from the spectra in Figures 8a–8c, the enhanced EMICwaves are not visible above the SAR arc
as compared with the non‐SAR arc region. Anderson et al. (1992a, 1992b) showed the average PSDs of EMIC
waves is ~5.0 nT2/Hz, while Yuan et al. (2014) showed using data from the Cluster satellite that cold electrons
in a plasma plume were heated by Landau damping of EMIC waves with PSDs of 10–100 nT2/Hz. However,
the PSDs shown in Figure 8 are mostly less than 10−2 nT2/Hz, and clear EMIC waves are not observed. The
PSD enhancements at both ends and peak intensity of the SAR arc are also too weak to generate SAR arc and
do not correspond to the structure of the SAR arc. Thus, we conclude that the EMIC waves in this frequency
range did not contribute to the emission of the detached SAR arc observed in the present study. It should be
noted that Arase was located at slightly high latitudes (MLAT: ~−32°N) at the time that it crossed the SAR
arc. EMIC waves could be confined near the equatorial plane of the magnetosphere and thus might not have
been observed at the off‐equatorial location. Lotoaniu et al. (2005) concluded that the source region of EMIC
waves was within 11°|MLAT|. However, statistical analysis by Allen et al. (2015) and an event study by Yuan
et al. (2014) suggested that EMIC waves can be observed even at latitudes above 30°|MLAT|.

We also verified the possibility that KAWs heat plasmaspheric electrons. There are a few limited observa-
tions of KAWs in the literature. For example, using data from the Cluster satellite, Chaston et al. (2005)
reported the observation of KAWs with PSDs of about 105–106 nT2/Hz at a frequency of ~10 mHz.
Additionally, Lanzerotti et al. (1978) reported the observation of KAWs at frequencies of ~8.3 and
~9.5 mHz using ground‐based measurements in a conjugate region of SAR arcs. Based on these past obser-
vations, we evaluate the magnetic field variation around ~10 mHz as shown in Figures 8d–8f. As seen in
these panels, local enhancement of PSDs associated with the SAR arc was not observed. The PSDs at
~10 mHz above the SAR arc were at most ~5 nT2/Hz. Past studies concluded that a magnetic field amplitude
of ~10 nT might be able to produce a SAR arc, although large uncertainties existed (e.g., Hasegawa &
Mima, 1978; Lanzerotti et al., 1978; Kozyra & Nagy, 1997). If there is a wave with a magnetic field amplitude
of ~10 nT and a frequency of 10 mHz, the PSDs will be ~1.0 × 104 nT2/Hz. However, the PSDs of the waves
observed by Arase over the SAR arc at a frequency of ~10 mHz do not even reach the order of 10 nT2/Hz. The
magnetic field deviation from 5 min running averages shown in Figure 7d also supports the absence of mag-
netic waves with an amplitude of 10 nT. These results strongly suggest that KAWs were not associated with
the present SAR arc. Previous simulations have predicted that KAWs will be generated near the magnetic
equator (Lysak & Carlson, 1981). During the event analyzed in the present study, Arase was located at an
MLAT of ~–32°N. However, it is not likely that the KAWs which were three orders of magnitude stronger
than that observed by Arase were confined to the equatorial plane at MLATs of less than 32°.

5. Conclusions

This study reports observations of the conjunction event of a SAR arc from the Arase satellite on 28 March
2017. The event has provided us with an opportunity to conduct quantitative evaluation of the SAR‐arc gen-
eration mechanism based on the in‐situ observation in the magnetosphere, which has not been done pre-
viously. The results of the present analysis are summarized as follows:
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1. Observations from Swarm‐A and ‐C showed that electron density decreased and the electron tempera-
ture increased above the SAR arc. Additionally, the electron density slightly increased at the location
of the SAR arc. This may indicate the supply (precipitation) of electrons to the SAR arc from themagneto-
sphere due to electron heating by Coulomb collisions. Swarm satellites did not observe clear field‐aligned
currents above the SAR arc.

2. The location of the minimum of the ionospheric trough almost coincides with the location of the SAR arc
in Figure 4. This latitudinally narrow low‐density trough minimum creates preferable conditions for
630.0 nm emission at the SAR arc. In low‐density plasma, electrons lose less energy in collisions with
ambient ions and can absorb a larger heat share from the magnetospheric heat flux. However, the bright
SAR arc at the moment of detachment is located at latitudes slightly higher than the trough minimum.

3. Ring‐current ion fluxes and electron densities observed by Arase suggest that the source of the observed
SAR arc was located in the overlap region of the plasmaspheric plume and the ring‐current ions. The
peak intensity of the SAR arc takes place at the poleward edge of the plasmaspheric plume.

4. We evaluated the heat flux from Coulomb collisions between plasmaspheric plasma and ring‐current
ions based on the Arase observations. From the evaluation, we conclude that the observed enhancement
of oxygen ions of 8–20 keV/q was not the main source of the SAR arc. Because the heat flux is expected to
increase at lower ion energies, we infer that low‐energy ions (especially protons at energies below
5.0 keV/q), which were not observed in the present study due to a lack of LEP‐i observation, efficiently
transport the energy that generates SAR arcs via Coulomb collision.

5. The observed electromagnetic waves were too weak to have caused the SAR arc. We conclude that the
EMIC waves (0.3–10 Hz) and KAWs (1–62.5 mHz) did not contribute to the emission of the SAR arc
observed in the present study.

From these results, we conduct first quantitative evaluation of the possible SAR‐mechanisms and conclude
that the plasmaspheric electrons were heated by Coulomb collision and their moderate precipitation to the
ionosphere generated the SAR arc. However, the mechanism that determines the latitudinal width of the
observed SAR arc has not been fully clarified, since the overlap between any combinations of the observed
plasmaspheric plume, ring‐current ions, and ionospheric trough has a greater latitudinal width than the
observed SAR arc. For the present event, we could not investigate low‐energy ion features due to a lack of
LEP‐i data. The present study shows the more conjunction events of SAR arcs with Arase and/or Van
Allen Probes can clarify the above open questions.

Data Availability Statement

Swarm data were provided by ESA and are available online (https://earth.esa.int/web/guest/swarm/data-
access). The SYM‐H, AU, and AL indices were provided by World Data Center (WDC) for Geomagnetism
at Kyoto University, Japan. Scientific data of the ERG (Arase) satellite were obtained from the ERG
Science Center (ERG‐SC) operated by ISAS/JAXA and ISEE/Nagoya University (https://ergsc.isee.nagoya-
u.ac.jp/index.shtml.en, Miyoshi, Hori, et al., 2018). The present study analyzed LEP‐e‐L2 v02_02 data,
MEP‐i‐L2 v02_00 data, PWE/EFD/E_spin‐L2 v03_01 data, PWE/EFD/pot‐L2 v03_01 data, PWE/HFA‐L2
v01_01 and MGF‐L2 v03_04 data, MGF/64 Hz‐L2 v03_03 data, and L2 v02 orbit data. The optical data
from Nyrölä are available from the ISEE through the ERG‐SC. The PWING observation data and
geomagnetic indices (AE and SYM‐H) are distributed by the Inter‐university Upper atmosphere Global
Observation Network (IUGONET) project of the Ministry of Education, Culture, Sports, Science and
Technology of Japan. The OMNI data were provided by the GSFC/SPDF OMNIWeb interface (http://
omniweb.gsfc.nasa.gov). The solar wind parameters and W‐parameters for driving TS05 model were
provided by TS05 web repository (http://geo.phys.spbu.ru/~tsyganenko/TS05_data_and_stuff/). The
GNSS‐TEC data providers are listed at http://stdb2.isee.nagoya-u.ac.jp/GPS/GPS-TEC/gnss_provider_list.
html.
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