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Coexisting structures from high- and low-energy precipitation in

fine-scale aurora

H. Dahlgren,l’2 B. S. Lanchester,2 and N. Ivchenko'

Abstract.

High resolution multi-monochromatic measurements of auroral emissions have

revealed the first optical evidence of co-existing small-scale auroral features resulting from
separate high and low energy populations of precipitating electrons on the same field line.
The features exhibit completely separate motion and morphology. From emission ratios
and ion chemistry modeling, the average energy and energy flux of the precipitation is
estimated. The high energy precipitation is found to form large pulsating patches of 0.1 Hz
with a 3 Hz modulation, and non-pulsating co-existing discrete auroral filaments. The
low energy precipitation is observed simultaneously on the same field line as discrete fil-
aments with no pulsation. The simultaneous structures do not interact, and they drift
with different speeds in different directions. We suggest that the high and low energy
electron populations are accelerated by separate mechanisms, at different distances from
earth. The small scale structures could be caused by local instabilities above the iono-

sphere.

1. Introduction

Auroral displays contain a large amount of structuring
with scale sizes perpendicular to the background magnetic
field of orders of 100 m and less [e.g. Maggs and Davis, 1968;
Trondsen and Cogger, 1998; Dahlgren et al., 2012]. The
source of the structuring, and the acceleration mechanism
of the precipitating electrons causing the fine scale aurora
are not yet well understood [Sandahl et al., 2008]. Obliquely
propagating inertial Alfvén waves interacting with cold elec-
trons above the ionosphere are often thought to be related
to the formation of the thinnest auroral forms [Stasiewicz
et al., 2000; Semeter and Blixt, 2006]. However, Chaston
et al. [2003] showed that Alfvén waves alone are unlikely to
account for these auroral filaments.

Simulations and models have indicated that instabilities
occurring on existing current sheets of precipitating elec-
trons are a likely source for the structuring seen in the auro-
ral emissions [e.g. Seyler, 1990; Otto and Birk, 1993; Chas-
ton and Seki, 2010]. Transverse current gradients, shear flow
and tearing due to electron inertia can give rise to instability
growth in the region close to Earth which will cause striation
of the current sheet and formation of fine scale structuring.
To get a better understanding of the formation mechanism,
the models need to be compared with measurements of the
morphology, energy and energy flux of the resulting auroral
features.

Electron data from the PHAZE II rocket showed a case
of a so-called inverted-V structure with plasma sheet elec-
trons accelerated to an energy of several keV, during which
field-aligned bursts of cold electrons with a spread in en-
ergy from a few tens of eV up to the inverted-V energy,
were seen superimposed [Semeter et al., 2001]. A similar
event was observed with instruments on the Auroral Tur-
bulence 2 rocket [Ivchenko et al., 1999], and the Cascades-2
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rocket, where Alfvénic processes were found superimposed
on a quasi-static acceleration signature [Mella et al., 2011;
Lynch et al., 2012]. Time-dispersed field-aligned electron
bursts by Alfvén waves have also been seen in an inverted-V
structure with instruments on the Reimei satellite [Asamura
et al., 2009], where the low energy populations were found to
drive instabilities giving rise to vortical auroral forms. It was
not possible in any of these studies to separate and correlate
specific auroral forms with different electron populations.

In this paper we have estimated the energy of at least two
precipitating populations of electrons, whose optical signa-
tures are on the same field line simultaneously. The occur-
rence of such small scale auroral filaments, whose sources
must be very different, is of importance for theoretical stud-
ies of the acceleration processes operating in the lower mag-
netosphere and above.

2. Instrumentation

ASK (Auroral Structure and Kinetics) is a ground-based
optical instrument containing three highly sensitive identical
imagers pointed at magnetic zenith. Each imager consists
of an electron multiplying CCD (EMCCD), for which the
512 x 512 pixels are binned to 256 x 256 pixels, an F/1
lens system with a field-of-view (FOV) of 3.1° x 3.1°, and
a narrow (FWHM ~ 1 nm) interference filter. The first
imager provides observations of emissions from the OF 1N
band at 562.0 nm (Io;)v which are caused by high energy

precipitation penetrating down to the ionospheric E region.
The second imager captures the forbidden O emission at
732.0 nm (Io+), which has a lifetime of ~5 s. This emission
is produced in the F region due to low energy precipita-
tion. At this wavelength there are also underlying N2 emis-
sion bands, produced by high energy precipitation [Dahlgren
et al., 2008a]. The third imager measures the atomic oxygen
emission at 777.4 nm (Io), which in the aurora is most sensi-
tive to low energy precipitation [Lanchester et al., 2009] and
results from direct excitation of atomic oxygen in the iono-
spheric F region. It is also produced by high energy precipi-
tating electrons through dissociative excitation of molecular
oxygen in the E region. The ratio of the two prompt emis-
sions, Io/I,+, can be used to estimate the average energy
of the precipitation in the auroral features by comparing
this ratio with modeled brightness ratios, which are calcu-
lated using a combined electron transport and ion chem-
istry model for different input energies at a specific energy
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flux [Lanchester and Gustavsson , 2012]. More information
on ASK and the selected emissions is provided in Dahlgren
et al. [2008b]. The ASK images are dark and flatfield cor-
rected and background subtracted. The images are then
smoothed using median and adaptive noise-removal filter-
ing. The frame rate is 32 Hz and for this study 5 frames
were averaged together to improve the signal-to-noise ratio.
For the measurements discussed here, ASK was situated at
the EISCAT site near Tromsg (19.2°E, 69.6°N). The EIS-
CAT UHF radar was running the tau2pl experiment, mak-
ing field-aligned measurements of the plasma parameters in
the ionospheric E- and F-regions with a range resolution of
1.8 — 5.4 km.

3. Observations

The measurements were obtained during a large geomag-
netic storm on the night of 14/15 December 2006, with
many hours of highly disturbed geomagnetic conditions giv-
ing rise to extremely dynamic auroral displays. Thin, short-
lived auroral filaments with narrow energy distributions
around 8 keV have been reported from this night elsewhere
[Dahlgren et al., 2012]. In the present study we examine
the morphological differences observed between simultane-
ous and co-located emissions caused by high and low energy
electrons in the early morning sector around 03:30 UT (~06
MLT). In Figure 1, the top row of panels are overlaid snap-
shots from the three cameras color coded red, green and
blue for Io2+7 Io+ and Io, respectively, for 7 selected times
within a 30 s interval, shown in the panels below. These pan-
els are formed by stacking a time series of east-west slices
taken through the center of the images. Panel 2 is the over-
laid slices with the same color code as the snapshots, and
the three lower panels are from each camera. The overlaid
images and slices show clear morphological differences; emis-
sions from high energy precipitation appear red-violet and
are present throughout the interval, whereas completely sep-
arate auroral features due to low energy precipitation can be
seen as green-blue slanting stripes (in panel 2) and as struc-
tured forms (in top row images 2 — 6).

The regular vertical stripes seen in the red-violet emis-
sions in the overlaid slices indicate that the ‘high energy
aurora’ is pulsating. Analysis of a longer time sequence of
ASK data and data from a co-located allsky imager (data
not shown here) indicate that these emissions come from
Pc2 pulsating patches (0.1 - 0.2 Hz), with a faster bright-
ness modulation of 3 Hz seen in the on-period. This 3 Hz
modulation is particularly clear at around 03:38:24-29 UT.
The pulsating patches have sharp boundaries (one such edge
is evident from 03:38:13-18 UT and in the top row images
2 and 3). The pulsating emission occurs on top of other
discrete high energy auroral filaments, e.g., the structure
marked with a white arrow, corresponding to the narrow
horizontal feature in images 4 and 5. Images 6 and 7 in the
top row of Figure 1 show a pulsating patch switching from
on at 03:38:34.0 UT to off 0.6 s later. A small non-pulsating
auroral structure close to the center of the image remains as
the pulsation switches off but has moved towards the south-
east. No pulsations are seen in the ‘low energy aurora’; the
vertical stripes in the I+ slices are due to the N2 contami-
nation in the same spectral region caused by the high energy
precipitation.

The height distribution of the OF emission peaks at
heights close to 100 km, whereas the O% emissions have
a maximum at around 275 km, as drawn in Figure 2. Since
the ASK imagers have the same FOV, the imager monitor-
ing the OT emissions covers a larger horizontal area than
the OF imager. A pixel-to-field-line transformation of the
data is used, by which the O1 images are mapped along the
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geomagnetic field lines to the same height as the OF images.
This simple procedure allows a direct comparison of the fea-
tures which are on the same field line, although occurring
at very different heights.

Two examples of different structures are shown in Fig-
ure 3; these are the times marked a) and b) in Figure 1,
which are 10 s apart. The gray scale images are I+ and
yellow contours from the co-existing features in the high en-
ergy channel, I+, at levels of 180 R, 230 R and 280 R are

overlaid. Below each combined image are the individual im-
ages from the three ASK cameras for the same time, with
the location of magnetic zenith marked (+). Note that these
images are rotated 90° in orientation from those in Figure 1.
The full 30 s sequence is shown in the video in the auxiliary
material, where pulsating auroral structures are seen in I+

and lo, drifting to the east. Several separate auroral fine
scale structures appear in I+ and move more slowly, to-
wards north-northeast, often overlapping the structures in
the other two channels. An analysis of the brightness of
the O emission shows that it is constant or increases with
time in the structures (this can be seen in panels 2 and 4
in Figure 1), which is evidence that the auroral filaments
are caused by continuous low energy electron precipitation
and are not just the afterglow of the long-lived O1 emission
drifting with the plasma flow, which would decay with time.

At 03:38:16.156 UT (Figure 3a) an oval-shaped auroral
feature (about 3 km x 9 km, at an assumed emission height
of 275 km) is seen in I+. The feature is not present in the
Io; data, which indicates that it is solely the result of low

energy precipitation with a stopping height in the F region.
At the same time as the low energy feature moves across
the I+ image, a more intense auroral feature with a sharp
edge moves in an eastward direction across the Io; image.

This intense feature can be seen in the I+ image, and is

outlined by the yellow contour in the overlaid image. The
two emissions with different morphology and different drift
speeds overlap as they move in slightly different directions.
The direction of motion is marked in the bottom images
with black arrows.

At 03:38:25.375 UT (Figure 3b) a very thin auroral fila-
ment stretches diagonally across the center of the I+ image
in the northwest-southeast direction, with no counterpart in
the I+ image. The full width at half maximum intensity

of the filament is 210 m at an assumed emission altitude
of 275 km. The structure drifts towards northeast, with a
speed of 1.0 km/s. At the same time, faster moving (about
1.8 km/s) structures can be seen in the I + images; these

structures drift in a predominantly castward direction, and
have widths of a few hundred meters. In Figure 3b, one
of the high energy structures can be seen as a north—south
aligned curved feature to the west in the I+ image; it over-

laps and crosses the low energy filament as it drifts to the
east.

4. Energy estimation

The emission brightness ratios of Io* and Io can be

used together with the combined electron transport [Lum-
merzheim and Lilensten, 1994] and ion chemistry model
[Lanchester et al., 2001] to give an estimate of the aver-
age energy and energy flux of the precipitating electrons
causing the emissions. Solar and geomagnetic conditions
for the time and location are input to the model together
with the neutral atmosphere from MSIS. The model gives
estimates of production rates, from which are obtained in-
tegrated brightnesses for the ASK emissions, for a specified
average energy and flux input. A more detailed description
of the method and examples of model results can be found
in Lanchester and Gustavsson [2012].
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The energy of the structured pulsations was analysed us-
ing this method. The temporal variation of the emission
ratio was investigated for a small region centered on mag-
netic zenith. The ratio analysis presented in Figure 4a is for
the time 03:38:14.5 UT, which is marked with an asterisk
in Figure 1. It corresponds to the time that the O patch,
seen 2 s later in Figure 3a, passes through the magnetic
zenith. The scatter plot is I+ against I, for all pixels
within the region marked in Figure 4b. A finear fit to the
data, forced to pass through the origin, shows that the av-
erage energy in the area of the box is 28 £ 5.0 keV. The
energy flux can also be estimated from the ion chemistry
model and the I+ brightness. For energies above 1 keV

the modeled relation between brightness and flux is approx-
imately 10 R/mVVm_Q7 so that the measured average I+
brightness of 180 R within the box corresponds to an energzy
flux of approximately 18 mWm 2. Precipitating electrons
with an energy of close to 30 keV penetrate to below 100 km
in the ionosphere [Rees, 1989]. Electron density as a func-
tion of time and height provided by the EISCAT UHF radar
at 10 s resolution is shown in Figure 4c. The time when
the bright, energetic (IO+) aurora passed the radar beam is
marked with an arrow in Figure 4c and the corresponding
density profile is shown in Figure 4d. These data support the
finding of energetic electron precipitation of at least 30 keV,
with an ionization peak well below 100 km altitude at the
time of the pulsating auroral structures.

The same emission ratio method cannot be used to esti-
mate the energy of the low energy structures seen in Ig+,
since there is no detectable emission above the noise level in
Io;' However, results from the ion chemistry model demon-

strate that the production of excited OV ions is most sensi-
tive to precipitation of low energy electrons of about 200 eV,
which results in an emission peak above 250 km.

5. Discussion and Conclusions

The unique imaging capabilities of the ASK instrument
mean that it is possible to separate auroral emissions caused
by precipitation of different characteristics at very high
temporal and spatial resolution. The data presented here
demonstrate that two different, decoupled source popula-
tions can co-exist and the accelerated electrons reach the
same region in the ionosphere, giving rise to overlapping
auroral emissions with different spectral and morphological
characteristics. During a prolonged interval of high energy
precipitation, which exhibits structured features and pulsa-
tions, there also appear low energy features that exhibit no
pulsations, with completely different morphology and mo-
tions. Both the high and low energy aurora are highly struc-
tured, with sharp edges and narrow widths, and cross and
overlap as they move across the ASK FOV.

To compare the auroral filaments occurring at different
heights, the I+ image was scaled according to the height
difference and éverlaid on the I+ image with the location
of magnetic zenith aligned. While the mapping could be im-
proved by using a geomagnetic field model, a direct scaling
is sufficient for the small FOV of ASK with the aurora oc-
curring close to or in magnetic zenith, as is the case for the
overlapping structures investigated here. The assumption
that the auroral emissions originate from a single altitude
layer is a simplification, but does not affect the result.

Pulsations in energetic electron precipitation are believed
to be driven by wave-particle interactions, such as whistler
wave modes near the geomagnetic equator [e.g. Nishimura
et al., 2011, and references therein]. The 3 Hz modulation
of pulsations have been observed previously by rockets [e.g.
Sandahl et al., 1980] and in a few ground-based observations
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[Samara and Michell, 2010; Nishiyama et al., 2014] but their
generation mechanism remains unexplained. The observa-
tions presented here of high energy Pc2 pulsations with 3 Hz
modulations on top of non-pulsating auroral structures also
indicate multiple processes occurring simultaneously.

The low energy precipitation is likely to be generated by
acceleration of cold electrons just above the ionosphere by
the parallel electric field component of obliquely propagat-
ing Alfvén waves. The motion of optical structures directly
resulting from the precipitation would then be governed by
the motion of the source waves.

The narrow structures seen in the emissions from high
energy precipitation, which are non-pulsating, are typical of
small scale filamentary aurora, which have been described
theoretically by Otto and Birk [1993], and demonstrated in
e.g. Lanchester et al. [1997]. In this plasma-neutral sim-
ulation the filamentation occurs through instabilities close
to the ionosphere, at about 1 — 2 Rg, altering the magnetic
topology. Further inspection of ASK data sets should shed
light on whether co-existing low and high energy aurora is
a common phenomenon. The properties of the auroral fea-
tures, such as energy of precipitation, changes in brightness,
velocity of optical features and their small scale morphology
should be used as input to such simulations in order to un-
derstand the origin of the different populations causing the
auroral variations.
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Figure 1. Top row: Snapshots of overlaid ASK images,
color-coded IO2+ (red), Io+ (green) and Io (blue). The

cardinal directions are marked in the first image, together
with a line marking the position of the slice used in the
time series of slices below. Bottom 4 panels: 30 s inter-
val, with top panel being the color-coded overlaid slices,
followed by Io;, Io+ and Io. The black arrows marked

* a) and b) indicate the times of the data discussed in
Figures 3 and 4.
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Figure 2. To compare the auroral morphology of the O
emissions in the F region with the OF emissions in the E
region, the ASK2 image is mapped along the geomagnetic
field lines down to 100 km, resulting in the overlaid ASK1
(IO2+) and ASK2 (I+) images of different size shown to

the right. Magnetic zenith (marked with a black +) is in
the same location in both images.
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Io; (ASK1) contour on I* (ASK2
103:38:16.156 UT x5 2

g

Figure 3. (a) Top panel: ASK I+ image (gray scale)
mapped to 100 km altitude, with ASK IO; image over-
laid as contours, at 03:38:16.156 UT. North is up and
east to the left in each image. Bottom panels: the in-
dividual snapshots from the three ASK cameras, with
magnetic zenith marked as a +. The different morphol-
ogy is evident in Io; and I+, and both high and low

energy structures can be seen in the third imager (Io).
The direction of motion of the discussed structures are
shown with black arrows. (b) Same setup as in (a) at
03:38:25.781 UT with a very narrow structure in I+ and
a wider curved structure in Io,j'
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Figure 4. (a) Io vs. I5+ per pixel in an area close to

magnetic zenith in the ASK images, at 03:38:14.5 UT.
This area is marked as a black square in the ratio image
shown in (b). A linear fit to the data points give a ratio
of 2.7, which corresponds to an energy of the precipitat-
ing electrons of about 28 keV. (c) Electron density vs.
height and time from the EISCAT UHF radar shows an
ionization peak below 80 km at the time of the optical
observations. (d) The electron density profile at the time
marked with an arrow in ¢), corresponding to the time of
the ASK data shown in a) and b).
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