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Abstract

Data from three all-sky cameras in Kiruna and Tjautjas (Sweden) were used to estimate the altitude of pulsating arc-
like forms using optical tomography. The event under consideration occurred during the substorm recovery phase
and comprised both periodic luminosity variation of the on/off type with repetition periods of 3-6 s (main pulsa-
tions) and faster scintillation (approximately 2 Hz) during the “on” phase of the main pulsations. It is found that (1) the
altitudes of the pulsating auroral arcs decrease during “on”intervals from ~ 95 km to ~92 km and (2) for two closely
spaced arcs, internal modulation took place only in the lowest arc. The results may be interpreted in the frame of
the traditional mechanism assuming electron scattering via VLF-wave/particle interaction in the equatorial magne-
tosphere, while the internal modulation may also be alternatively interpreted in the frame of the less-often inferred
mechanism of field-aligned acceleration somewhere between the equatorial plane and ionosphere.
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Main text
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2 Swedish Institute of Space Physics, Kuruna, Sweden Pulsating aurora (PsA) is the name given to a kind of dif-
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or more regular arc/segment structures with quasi-peri-
odic on-off switching of its intensity. The term covers
a wide range of auroras, which may arise from differ-
ent processes and different source regions. Most of the
known characteristics of PsA have been reviewed by
Royrvik and Davis (1977), Johnstone (1978), Lessard
(2012), Nishimura et al. (2020). In particular, Royrvik
and Davis (1977) established three general morpholo-
gies: east—west aligned arcs, quasi-linear elements, and
patches. The latter are regarded as the most common
form of PsA and may also be divided into three subcat-
egories (Grono and Donovan 2020). This study focuses
on arc-like structures. Previous results closest to our
research are outlined below.

Nishimura et al. (2020) pointed out seven types of
structures with intensity modulation. One of the types
includes ~ 3-Hz modulation. Recently, Hosokawa et al.
(2020) used the term “beats” concerning the brightness of
PsA, which are characterized by a mixture of two distinct
periodicities that coexist hierarchically. One is the “main
pulsations’, which is the primary periodicity component
ranging from a few to a few tens of seconds. The other
is the so-called “internal modulation”, which is quicker
luminosity scintillation (a few Hz) embedded in a single
pulse of the main pulsations. The study by Royrvik and
Davis (1977) showed that 34+1 Hz modulation appears
in more than 50% of all PsA events that occur near the
equatorward boundary of the auroral zone in the mid-
night and morning sector.

The interesting finding by Royrvik and Davis (1977) is
that in many cases, 3+ 1 Hz modulation is detected only
near the form boundary. Later, Sato et al. (2004) sug-
gested that the ~3 Hz luminosity oscillations in pulsat-
ing arc-like forms during substorm recovery are aligned
along the arc rather than north—south, which is in agree-
ment with the above result by Royrvik and Davis (1977).
They also noted that, for the homogeneous form, the
modulation is synchronous wherever it is observed in the
form. If the forms show an internal structure, each ele-
ment of the structure exhibits modulation, and the phase
and exact frequency are independent of other elements.
One should keep this in mind when analyzing all-sky
images because the low spatial resolution often does not
allow the fine structure of pulsating arc-like forms to be
seen on the original image without special processing.

One area of substantial interest is the altitude of pulsat-
ing patterns and how it varies over the course of pattern
evolution. This information may help in understanding
the nature of PsA and can be inferred from ground obser-
vations. Triangulation of different auroral forms gave the
altitude range of PsA from 82 to 105 km with a median
altitude of 92 km (Brown et al. 1976), which is noticeably
lower than that for post-breakup homogenous arc-like
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forms. Primary electron energy near 60 keV is required
to produce the lowest observed pulsating aurora. In addi-
tion, initial observations by Brown et al. (1976) showed
no indication of changes in the height of PsA during the
lifetime of a single pulsation. However, Kataoka et al.
(2016) recently performed high-speed stereoscopy of the
aurora, which is also based on the triangulation method,
and found an increase in the emission altitude of both
pulsating patches and arcs over the course of their devel-
opment. This result seems to be unexpected because it
implies a decrease in the energy of precipitating elec-
trons causing luminosity enhancement, whereas rocket
experiments suggest otherwise (e.g., McEwen et al. 1981).
Whiter et al. (2010) used the data from two Aurora
Structure and Kinetics cameras, each sensitive to differ-
ent precipitating electron energies, and showed that, in
the events studied, the energy of flickering electron pre-
cipitation was higher than the energy of the non-flicker-
ing auroral electrons. This may indicate that the altitude
of the flickering aurora was lower than the altitude of
non-flickering forms, with both arcs also demonstrating
periodicities of a few seconds.

The effects of PsA on ionospheric electrodynam-
ics are studied by using both ground-based and space-
based instruments. Using the EISCAT radar in Tromsg,
Hosokawa et al. (2010) demonstrated that an escape of
charges from the edges of pulsating aurora patches could
be associated with field-aligned currents, FAC. Recently,
Gillies et al. (2015) introduced observations of FACs in
the vicinity of pulsating aurora patches using the Swarm
satellite. They identified strong downward currents just
poleward and equatorward of the pulsating patches,
whereas weaker upward currents were observed through-
out the interior of the patches.

Rocket and satellite measurements have shown that
PsA is an optical manifestation of quasi-periodic modu-
lation of the flux of precipitating high-energy electrons
with energies from a few to a few tens of keV (Tesema
et al. 2020; Nishimura et al. 2020 and references therein).
In particular, Sandahl et al. (1980), Sato et al. (2004) and
Miyoshi et al. (2015) reported quasi-3 Hz modulation in
the downcoming electron fluxes corresponding to the
main body of pulsations with periods of a few seconds
that were detected onboard rocket and low-altitude satel-
lites. McEwen et al. (1981) found that optical pulsations
with an approximately 17-s period are due to periodic
increases in the energy of the electrons from 1.5 keV dur-
ing pulsation minima to approximately 1.8 keV at pulsa-
tion maxima, and electron spectra have a Maxwellian
energy distribution. Since no indications of local accel-
eration were found, McEwen et al. (1981) connected the
observations of energy increase with adiabatic heating of
the source electrons. Note that the results were obtained
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during two rocket launches and were related to a pulsat-
ing patch and some extended pulsating surface in the dif-
fuse aurora with periodicity noticeably larger than the
typical periodicity (a few seconds). Although the direct
relationship of onboard measurements with ground-
based optical observations was declared, no evidence of
conjugation of the rockets with particular pulsating auro-
ral forms was presented.

The auroral electron velocity dispersion measured dur-
ing pulsations suggested the source of a few-second mod-
ulation to be in the vicinity of the geomagnetic equatorial
plane (e.g., Bryant et al. 1971). The conclusion was based
on rocket observations outside the ground photometer
field of view. Therefore, neither the shape of the pulsat-
ing pattern nor its conjugation with the rocket could
be established. Later, Sato et al. (2004) showed that the
source region of generation or modulation of both 5 s
and ~3 Hz precipitation is located earthward, far from
the equatorial plane, at~2-6 Ry above the Fast Auroral
Snapshot Explorer (FAST) along the field line. The PsA
consisted of arc-like forms, and its conjugation with the
satellite was more obvious.

Pulsating aurora has been studied for decades, but its
generation and modulation mechanisms are still open
issues. On the one hand, the location of the source of
PsAs in the equatorial plane and the absence of signs of
electron acceleration suggest that electrons responsi-
ble for pulsating aurora are launched from the magne-
tosphere into the ionosphere by pitch-angle scattering.
Candidate waves to scatter electrons are lower-band cho-
rus (LBH) and electrostatic electron cyclotron harmonic
(ECH) waves. The results of a case study of ground—
Arase satellite conjugation suggested that LBH cause
short-period pulsating aurora at low altitudes, while ECH
waves cause long-period PsA at high altitudes (Fukizawa
et al. 2018). Later, a two-case study of Arase conjugation
with ground-based optical instruments showed a one-to-
one correlation between chorus elements and the~3 Hz
modulation of pulsating patterns (Hosokawa et al. 2020).

On the other hand, as noted by Sato et al. (2015), the
model of periodic modulation of high-energy electron
precipitation has mainly been applied to patch-type
pulsating auroras. If one applies such a model to pulsat-
ing arcs, it may be very difficult to explain how physical
processes can produce so greatly elongated structures.
Signatures of electron acceleration were found in FAST
data by Sato et al. (2004). A dispersion analysis places
the source region of precipitating electrons between 2
and 6 RE above FAST, which is far from the equatorial
source region. They also show out-of-phase modulation
of downgoing, high-energy ion and electron fluxes. Based
on these results, they supposed that time variations of
the field-aligned potential drop may cause the pulsating
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aurora. This result supports the earlier comment by
Johnstone (1978), who noticed that the apparent verti-
cal extent of the luminosity is less than 10 km, whereas
a Maxwellian electron spectrum should give a luminos-
ity profile at least 30 km thick. Thus, along with periodic
pitch-angle scattering, the modulation of field-aligned
acceleration can also be regarded as a possible generation
mechanism of PsA.

That differing theories of the mechanism of pulsat-
ing aurora still exist has at least two reasons. First, there
are few in situ observations. Indeed, rocket and satel-
lite studies represent limited case studies. Second, it is
noteworthy that in many cited papers, there is no direct
indication of exactly what kind of auroral form is under
consideration (Bryant et al. 1971; Arnoldy et al. 1982;
Miyoshi et al. 2015; Tesema et al. 2020), and the differ-
ence in pulsating forms is not emphasized. Instead, the
common term “pulsating aurora” is often used. The mor-
phology and nature of different pulsating forms may be
different.

In this study, we focus on measurements of the altitude
of pulsating arc-like forms with ground-based optical
instruments and how the altitude varies over the course
of pattern evolution. This information may help in under-
standing the nature of pulsating aurora since, for exam-
ple, a decrease in altitude may indicate acceleration of the
particles. The aurora height was estimated by means of
optical tomography. The events considered were a very
typical type of pulsating aurora because they occur dur-
ing the recovery phase of magnetospheric substorms and
demonstrate a few seconds and~2-3 Hz modulations
coexisting hierarchically.

Instrumentation and methods
The data of three all-sky cameras were used in this study.
The EMCCD all-sky camera in Tjautjas (TJA; 67.31°N,
20.73°E), Sweden, that was installed under the PsA
research project and PWING project (e.g., Shiokawa
et al. 2017) gives 100 images per second that allow us to
detect both the main pulsations and the internal modula-
tion in PsA. Two identical sets of all-sky Watec Mono-
chromatic Imagers (WMI) of the National Institute of
Polar Research, Japan, installed in Kiruna (KRN; 67.88°N,
20.42°E) and Tjautjas (see Fig. la) with a north—south
base distance of ~60 km give images with a time reso-
lution of 1 s; therefore, pulsating aurora with the period
of the main pulsations can be targeted for study (Ogawa
et al. 2020). To distinguish between PsA and WMI cam-
eras, both installed in Tjautjas, we will further refer to the
EMCCD camera in Tjautjas as a rapid or high-speed or
TJA-R camera.

The images taken with the WMI cameras were used
for the reconstruction of the volume distribution of
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Fig. 1 a Location of pulsating (zenith) arc relative to the KRN and TJA observatories (white squares). b Keogram showing the temporal variation in
auroral brightness sampled along the south to north cross section. A series of bright patches on the keogram reveals the main pulsations of the arc
intensity, and vertical strips inside the patches are the signature of quicker scintillation

the auroral emissions. The sets of the WMI cameras
mounted in Kiruna and Tjautjas consist of four cam-
eras, two monochromatic cameras with narrowband fil-
ters centered at wavelengths of 560.0 and 430.0 nm, one
camera with a wideband filter centered at a wavelength of
675.0 nm, and one color camera. Unfortunately, the 560.0
and 675.0 images were oversaturated during the event.
The 430.0 nm camera takes one image with an exposure
time of 4.27 s that cannot reproduce the peculiarities of
rapidly changing auroral pulsations. For these reasons,
for tomography-like reconstruction, we used the images
of the color camera. According to the paper by Partamies
et al. (2007), the main input in the green channel of the
color camera comes from the auroral 557.7 nm emission.
Thus, we used the green channel images for the tomogra-
phy-like reconstruction of the volume distribution of the
auroral emission, and hereinafter, we refer to this as the
557.7 nm emission distribution.

The three-dimensional structures of the auroral vol-
ume emission rates have been estimated over a hori-
zontal region of 168 x 130 km, with an origin in Kiruna,
between 80 and 180 km in height. This is done with a
tomography-like algorithm developed by Bjorn Gustavs-
son (now at the Arctic University of Norway), especially
for processing the data of the Auroral Large Imaging Sys-
tem (ALIS) (Brandstrom 2003) operated by the Swedish
Institute of Space Physics. The algorithm uses a simul-
taneous iterative reconstruction technique and was
described in detail in Gustavsson (1998).

When possible, we also performed a comparative
analysis of a few Hz luminosity variations (internal
modulation) in two neighboring pulsating arcs during

the “on” phase of the pulsations. For the high-speed
camera images, the mean intensities of certain 3 x 3
pixel areas of the pulsating auroral structures were cal-
culated. Note that the result should not depend on the
position of these areas along the arc (Sato et al. 2004).

Observations
Geomagnetic and auroral background
The observations were made at the beginning of the
recovery phase of a moderate (~500 nT) magneto-
spheric substorm starting at~00:45 UT on March 15,
2018, when optical instruments at KRN and TJA were
in the local postmidnight sector of magnetic local time.
The aurora situation corresponded to a typical PsA
event (e.g., Grono and Donovan 2020). We focus on the
45-s interval when a series of pulsating arc-like forms
(hereinafter called pulsating arcs) were in the common
part of the Kiruna and Tjautjas camera field of view
with the most equatorial one near the local zenith of
Tjautjas (Fig. 1a). The keogram in Fig. 1b shows seven
on/off events in the near-zenith arc with a repetition
period of a few seconds (main pulsations) and a few Hz
scintillation during the “on” phase of the pulsations.
Figure 2 presents the horizontal distribution of the
volume emission rate at an altitude of 95 km. This dis-
tribution is the result of a tomography-like reconstruc-
tion of the 3D distribution of the 557.7 nm auroral
emission for the time instance of 01:16:09 UT. The arc
under consideration is indicated by a black arrow. The
black line shows the position of the vertical slice of the
volume emission rates chosen for the analyses.
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Fig. 2 Auroras in the common KRN-TJA field of view extracted from
tomographic volume distribution of the 557.7 emission at an altitude
of 95 km. The black arrow shows the structure under consideration,
and the black line is the profile along which the altitude distribution
of arc luminosity was calculated

Response of arc altitude to arc brightening

Another result of tomographic reconstruction is shown
in Fig. 3 as an altitude vs time diagram. Each vertical line
in this diagram marks the altitude profile of the 557.7 nm
volume emission rate at the horizontal position corre-
sponding to where the black line crosses the arc of inter-
est in Fig. 2, taken from the tomography result for every
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Fig. 3 Altitude vs time diagram taken in the vertical plane passing
through part of the profile in Fig. 2 containing the arc examined.
The white step-like line shows the time variation in the altitude of

maximum luminosity
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second. The time interval corresponds to that for the
keogram in Fig. 1b.

In general, the altitude of the volume emission rate
maximum is approximately 95 km, which corresponds
to a characteristic energy of precipitating electrons of
approximately 40 keV. This result is consistent with previ-
ous observations (e.g., Brown et al. 1976; Lessard 2012;
Nishimura et al. 2020 and references therein). The tem-
poral behavior of the altitude of the emission maximum
(a white step-like line) shows the altitude of the more
intense arc. In Fig. 4, the blue and red solid lines repre-
sent the altitude profiles of the volume emission rates of
the 557.7 nm emission corresponding to times 01:16:11
UT and 01:16:14 in Fig. 3, respectively. The blue and red
dashed lines are the results of calculations based on the
auroral 557.7 nm emission model described in detail in
Ivanov et al. (1993). The calculations were performed for
isotropic Gaussian fluxes of precipitating electrons with
characteristic energies of 41 and 44 keV.

Features of internal modulation in two neighboring arcs

An example of tomographic reconstruction of the arc
under consideration is presented in Fig. 5. At the time of
maximum intensity, the auroral structure in the TJA-R
all-sky image looks like a single arc (Fig. 5a), whereas its
tomographic reconstruction (Fig. 5b) indicates the pres-
ence of two arcs (arc 1 and arc2) inside the structure.
Careful analysis of TJA-R images showed that the dou-
ble structure of the arc might be detected without special

Tomo vs Modelling
120 . —
Tomo 01:16: 11UT
N Tomo 01: 16 : 14UT
N — — Modelling E; = 41 keV
\\ N — —  Modelling Eo = 44 keV
\\\ NG
110 Py
N
\\
" \ N
=3 N
< 100 \
=4
R
K=
<<
90 —
-
_:‘7/—/
80
107! 10° 10°
Volume emission rates (sm~> s71)
Fig. 4 The 557.7 reconstructed (solid line) and calculated (dashed
line) emission rate profiles




Safargaleev et al. Earth, Planets and Space (2022) 74:31

Page 6 of 12

01:16:30 UT  alt=105 km

15 March, 2018

Distance from camera, km (positive to North)

-10 0 10 20 30
Distance from camera, km (positive to East)

a

Fig. 5 a Auroral arc shape and location inferred from the TJA-R image; b tomographic reconstruction of the arc showing its multiple structures
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processing for the first two pulses. Figure 6a shows an
enlarged image of the auroral structure in the 60 x 45
pixel rectangular area near the zenith of TJA. For the
moment presented, the two arcs are located very close to
each other, giving an impression of a single wide struc-
ture in Fig. 1la. The impression is due to the way all-sky
imaging hides one arc of the neighboring pair by the
luminosity along the magnetic field line. The real cross
section of the luminosity volume is seen only on images
in the magnetic zenith, which is not the case in Fig. 1a.
Due to the gap between these thin arcs on the frames,
we were able to calculate the intensity variations in each
arc averaged over a square area of 3 x 3 pixels, as well
as for the neighboring background (Fig. 6b). The pulse
with 3-s duration corresponding to the main pulsation
is seen well in both arcs, but it is absent in the diffuse
background. Internal modulation is also not detected in
the background, which means that both main pulsations
and internal modulation represent localized phenomena
associated with the arcs only.

The more surprising finding is that only one arc (arc
1) demonstrates internal modulation. The modulation
consists of an irregular sequence of intensity peaks
at a repetition period of~0.4 s, corresponding to a

frequency of 2.5 Hz. Tomography-like reconstruction
also allowed us to recognize both arcs. In Fig. 6¢ they
are marked with black arrows. Noticeably, within the
switch-on interval, the arc without internal modulation
(arc 2) is located higher (at altitude ~ 95 km) than arc 1
with internal modulation (~ 93 km).

A similar investigation was possible for the second
switch-on interval, which still allowed us to distinguish
the double structure of the pulsating arc on tomo-
graphic images (Fig. 7b). The results are the same: the
pulse of main pulsations is manifested in both arcs
but is not seen in the background luminosity (Fig. 7a);
internal modulation occurs only in the arc 1 (upper
panel in Fig. 7a), which is located at a lower altitude
than the arc 2 without internal modulation (Fig. 7b).
In both cases, the internal modulation consists of an
irregular sequence of intensity peaks at a repetition
period of ~ 0.4 s, corresponding to frequency of 2.5 Hz.

Further development of auroral activity led to the two
thin arcs merging in the all-sky images. A comparative
analysis of the luminosity variations in the arcs there-
fore became impossible. However, the multiple struc-
tures of pulsating auroral form near the zenith could
still be recognized on tomographic reconstructions.
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Discussion
Generalization of the results
In this section, we generalize the results and emphasize
some details, which are useful for result interpretation.
We analyzed a series of seven on/off events that repre-
sent a typical PsA of an arc-like auroral structure dem-
onstrating both main (a few seconds periodicity) and
internal (a few Hz) modulations of luminosity. Two cam-
eras (KRN and TJA) were located approximately along
the meridian at a separation~60 km and provided all-
sky images of auroras with 1-s resolution. The arc was
located in the KRN-TJA common field of view. This loca-
tion allowed us to make a tomographic reconstruction of
the altitude profile of arc luminosity so as to investigate
the evolution of arc altitude over the course of the main
pulsation. The third all-sky camera (TJA-R) provided the
data at a higher time resolution (100 frames per second),
and we used these data to study the internal modulation.
Intensity variations in the arc, averaged over squares
of 10 x 10 pix, are shown in Fig. 8. We put the square
at the place where the arc is crossed by the black pro-
file in Fig. 2. While the few-second variations look like
quasi-sinusoidal oscillations, the internal modulation

represents a rather irregular sequence of peaks with dif-
ferent time intervals between them. The mean value
of the time interval, 7, corresponds to frequency
f=1/T~2 Hz. This is consistent with the result of a sta-
tistical investigation by Nishiyama et al. (2014), who
showed that the occurrence probability of rapid modula-
tion is localized between 2.0 and 2.5 Hz.

Fast scintillations are observed only during the ‘on
phase of the main pulsations. Fig. 8 shows the sequence
of peaks, corresponding to a few Hz modulation, which is
highlighted in gray. There was no modulation in the back-
ground luminosity (before ~01:16:07 UT) or between the
pulses except at approximately 01:16:22 UT, when the
next pulse of the main pulsation started just after the pre-
vious pulse (see, as well, Fig. 3). These facts are important
for a possible explanation of fast scintillations, which will
be discussed in the next section.

The altitude of the arc changes. Regarding the exam-
ined arc as a homogeneous structure, we have found the
following features of its behavior (see Fig. 3). The “arc
altitude’, defined by us as the position of the luminosity
maximum, was lower within the switch-on intervals than
between them. The altitude changes by 1.5-3 km, which

»
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Fig. 8 Luminosity variation in the examined arc averaged over the square 10 x 10 pix. The internal modulation is highlighted with gray

is larger than the spatial resolution of the optical tomog-  in the height of the lower border during the lifetime of a
raphy method (~ 500 m). To the authors’ knowledge, ear-  single pulsation (e.g., Brown et al. 1976). This is probably
lier observations of PsA showed no indication of changes  due to the lower spatial resolution of the triangulation
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method, which is traditionally used in such investiga-
tions. The decrease in arc altitude means that the energy
of precipitating particles increases.

Of the two closely spaced arcs, internal modulation took
place only in the lowest arc. In addition to the high spatial
resolution (in comparison with triangulation), one more
merit of optical tomography is its ability to distinguish
the fine structure of the auroral arc, whereas on ordinary
all-sky images, this may be masked by neighboring struc-
tures (see Fig. 5). A more careful analysis of the original
frames of the rapid camera TJA-R showed that the struc-
ture considered actually consists of two thin arcs, at least
at the beginning of the interval (Fig. 6a). This allowed us
to calculate the variation in luminosity in each arc sep-
arately (Figs. 6, 7). The comparison with tomographic
reconstructions showed that internal modulation appears
in the arc which has lower altitude during the “on” phase.
One can say that the result is consistent with the early
study by Royrvik and Davis (1977), who showed that in
many cases, 3+ 1 Hz modulation is detected only near
the form boundary. Later, Whiter et al. (2010) found that
the energy of flickering electron precipitation was higher
than the energy of non-flickering auroral electrons.

Two approaches for interpretation of PsA features:
pitch-angle scattering

One widely accepted primary process for PsA is pitch-
angle scattering of electrons in the magnetosphere (Li
et al. 2012, and references therein). Another process was
proposed by Sato et al. (2004), who showed that time
variations of the field-aligned potential drop may cause
the pulsating aurora. In what follows, for brevity, we will
refer to these approaches as scattering and accelerating
approaches.

Both approaches are based on satellite measurements,
and the generation mechanism of some PsA features is
still not fully understood due to a lack of in situ obser-
vations. Indeed, cases of successful location of satel-
lites with respect to PsA patterns are very rare events
by themselves, and not all such events allow the correct
association of satellite measurements with optical pul-
sations in the ionosphere. To reduce the uncertainty in
locating a satellite’s magnetic footprint, special methods
should be applied (e.g., Hosokawa et al. 2020). Because
of this, we do not give preference to any of the above
approaches and show below that our results regarding
the brightening pulsating arc can be explained in the
frame of both approaches.

We have shown that the altitude of the emission is
lower during the “on” phases of PsA, which means that
the energy of precipitating electrons is higher at these
moments. In the frame of the scattering approach, the
result can be explained by the model of Miyoshi et al.
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(2015). They demonstrated that PsA during the “on”
phase is caused by scattering of electrons due to the
lower/upper band chorus. The upper (lower) band reso-
nates with lower (higher) energy electrons. Both higher-
and lower-energy electrons are detected during the “on”
phase, whereas only lower-energy electron precipitation,
caused by the upper band, is seen during the OFF phase.
Such precipitation causes relatively higher-altitude emis-
sions. One other possible explanation is that variations
in cold plasma density that potentially correspond to the
on—off pulsations of the pulsating aurora would change
the resonant energy of chorus-electron scattering (e.g., Li
etal. 2012).

The internal modulation may also be explained in
the frame of the scattering approach. Hosokawa et al.
(2020) demonstrated a direct association between the
multiscale temporal variations in chorus wave power
detected onboard the Arase satellite and aurora luminos-
ity inferred from ground optical measurements. Namely,
they showed correlations between chorus bursts and the
main optical pulsations, as well as between discrete cho-
rus elements embedded in a burst and internal modu-
lation embedded in an impulse of main pulsations (a
Matryoshka doll configuration).

Hosokawa et al. (2020) noted that the energy of precipi-
tating electrons responsible for pulsating auroras often
ranges from a few to several tens of keV. Due to different
time-of-flight from the magnetosphere to the ionosphere,
significant spreading in time of the electron flux appears.
In such a case, the sub-second modulation in the cho-
rus tends to be smeared out, and ground-based opti-
cal instruments do not see the corresponding internal
modulation in the PsA emission. If the resonance energy
is higher (in our case, this means that the correspond-
ing auroral arc has lower altitude), the dispersion effect
would be smaller, and sub-second (internal) modulation
would be able to survive in the optical data.

Periodic acceleration as a possible mechanism for internal
modulation

In this section, we present a simple physical model that
explains all three of our findings—the decrease in the arc
altitude in the course of its brightening, internal modula-
tions inside the brightening arc, and absence of internal
modulation in the arc located higher than the arc with
sub-second pulsations.

By using the Swarm satellite, Gillies et al. (2015) iden-
tified upward field-aligned current (FAC) throughout
the interior of the PsA (pulsating patches). It is widely
assumed that aurora brightening is due to an increase in
the flux of precipitating particles, which may mean an
increase in FAC. In the course of its increase, the FAC
can exceed the threshold for electrostatic ion-cyclotron
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instability (EIC instability) resulting in anomalous resis-
tivity and yielding a field-aligned potential drop (e.g.,
Papadopoulos 1977). The potential drop accelerates the
precipitating electrons along the magnetic field line and
the altitude of the corresponding arc decreases dur-
ing the “on” phase. Signatures of electron acceleration
were found in FAST satellite data by Sato et al. (2004).
We leave the reason for current enhancement at the
beginning of each switch-on pulse of main pulsations as
beyond the scope of our study and consider the further
possible evolution of the current during the “on” phase.

Safargaleev (1996) showed that the value of the EIC
instability threshold inside the anomalous resistivity area
decreases due to a change in some plasma parameters in
the course of instability development. After the appear-
ance of the anomalous resistivity, the FAC should decrease
following Ohm’s law. When the FAC becomes less than the
new threshold, then the anomalous resistivity and poten-
tial drop turn off, the FAC starts to increase again, and the
on/off process becomes quasi-periodic. Earlier, the idea
of excitation of periodic events in a circuit with a double
layer was suggested by Alfven (1981). Later, quasi-periodic
oscillation of anomalous resistivity was discussed by Pili-
penko et al. (1999) as an additional possible mechanism
for the generation of geomagnetic pulsations in the few
Hz range. In our case, the periodic switch on/off of a field-
aligned potential drop may lead to oscillation of the flux
of precipitating particles either directly or via the periodic
launch of VLF waves, which then periodically scatter the
electrons into the loss cone (Liatskii and Safargaleev 1985).

The stabilization time of the FAC inside the layer of
anomalous resistivity is determined by the parameters of
the layer. Alfven waves are one of the basic mechanisms
for energy and current transport in near-Earth plasmas.
Connecting the stabilization of the current with the propa-
gation of an Alfvén wave across the layer, for a rough esti-
mation of the pulsation period, T, we can put T~2b/V,.
Here, V, is the Alfvén velocity at the place of anomalous
resistivity development, and b is the width of the layer
along the magnetic field line. Although the expression is
very simple, both parameters are unknown. Let us assume
that V, does not change dramatically along the magnetic
field line and, according to Kim et al. (2018), reaches a
value of~1500 km/s in the postmidnight sector where
our observations occur. Then, to obtain the frequency of
potential drop oscillations~2 Hz, one needs to take the
other unknown parameter b to be approximately 400 km.
To the author’s knowledge, only the dimension along the
meridian (i.e., across the magnetic field lines) is known for
areas where field-aligned acceleration presumably took
place (Torbert and Mozer 1978). In particular, the authors
noted that the geometry of accelerating structures is simi-
lar to that of auroral arcs.
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The absence of internal modulation in the upper arc
(arc 2 in Figs. 5, 6) may simply mean that the arc-related
field-aligned current does not achieve the threshold value
due to, for example, different conditions for the develop-
ment of EIC instability above the arcs.

In many papers related to pulsating auroras, there is no
direct indication of exactly what auroral form is under
consideration, although the generation mechanisms for
pulsating patches and pulsating arcs may be different.
In accordance with Sato et al. (2015), applying the field-
aligned electric field modulation model to elongated pul-
sating arcs may be more reasonable than the pitch-angle
scattering approach if one takes into account the anal-
ogy to ordinary auroral arcs. Ordinary arcs are enhanced
via field-aligned electric field accelerations, as is widely
accepted due to in situ observations (e.g., Torbert and
Mozer 1978).

Conclusion

Data from three all-sky cameras in Kiruna and Tjautjas
(Sweden) were used to estimate the altitude of pulsat-
ing arc-like forms by means of optical tomography. The
event occurred during substorm recovery phase and
represented both periodic switch on/off luminosity of
the arc with a repetition period of a few seconds (main
pulsations) and faster scintillation (approximately 2 Hz)
observed during the “on” phase of the main pulsations.
The main results of investigations are following:

1. The main pulsations and internal modulation are
localized phenomena confined to the arcs.

2. The altitude of the arc during the “on” phases
is~93 km, which is 1-2 km lower than that for the
“off” phases.

3. Internal modulation of luminosity takes place only in
the lowest arc.

4. The results may be interpreted in the frame of the
traditionally accepted mechanism assuming electron
scattering via the VLF-wave/particle interaction in
the equatorial magnetosphere, while the internal
modulation may also be alternatively interpreted in
the frame of the (less-often suggested) mechanism
of field-aligned acceleration somewhere between the
equatorial plane and ionosphere.
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