Observations of Auroral Broadband Emissions by CLUSTER
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Abstract. We present the results of a study based on several
events of broadband ULF/ELF emissions observed in the
auroral region by the CLUSTER multi-spacecraft at distances
around 4-5 Rg. These emissions, observed below the ion
plasma frequency, are similar to the broadband emissions
observed at lower altitudes (800-4000 km) by rockets (e.g.
AMICIST) and satellites (e.g. FREJA and FAST). As
successive passages of the four CLUSTER satellites through
nearly the same regions show, the intensity of the emissions
depend on the thermal properties of the plasma and gradients
thereof. The total Poynting flux is downward and is
comparable to energy fluxes observed at lower altitudes. We
believe the broadband emissions are the result of dispersed
Alfvén waves (DAW), which propagates down the magnetic
field lines, and emits higher frequency ion plasma wave
modes.

1. Introduction

Broadband extremely low frequency (ELF) wave emissions
below the ion plasma frequency have been observed by a
number of spacecraft and rockets on auroral field lines [e.g.,
Gurnett and Frank, 1977; Bonnell et al., 1996; Wahlund et al.,
1998, and references therein]. lon-acoustic line enhancements,
which could be due to the same type of broadband emissions,
have been observed in EISCAT spectra during similar
geophysical conditions at ionospheric altitudes [e.g., Wahlund
et al., 1993]. The otherwise dominantly electric broadband
emissions often include significant magnetic fluctuations at the
very lowest frequencies with 0E/0B ~ V, (the Alfvén velocity),
which has been interpreted as the possible simultaneous
presence of Alfvénic wave activity [e.g., Chmyrev et al., 1989;
Boehm et al., 1990; Louarn et al., 1994].

The CLUSTER multi-spacecraft mission offers a unique
opportunity to study the spatial-temporal dependence of the
broadband emissions, where phase velocities, dispersions,
polarisation and energy transport can be studied in detail by all
four spacecraft at nearly the same location within a few
minutes duration. We present a first study based on 8 events,
which aims to shed new light regarding these issues. Although
our study has involved several auroral events, we present here
only a southern auroral oval crossing on April 28, 2001. A
narrow auroral arc structure, encountered within the same
event, is presented in a companion letter by Vaivads et al.
[2003], while we here focus on the wave characteristics on a
larger scale. The details of the CLUSTER instrumentation can
be found in Escoubet et al. [1997].

2. Observations of Broadband Emissions

In Figure 1 we display the spin-plane E- and full three-
dimensional B-field properties as measured by S/C-3. The
EFW and STAFF data were sampled with 25 samples/s with a



10 Hz low-pass-filter, and the shown low-pass filtered FGM-
data (panel d) has a time resolution of 4 s (the spacecraft spin
period). The plasma density (panel c) is inferred from the
probe-to-spacecraft potential by a statistical comparison over
many orbits with the plasma line emissions from the
WHISPER measurements. These data are not corrected for
electron temperature variations. The E-field in field-aligned
co-ordinates (panel e) is derived by assuming Brgy'E = 0, and
is used to calculate the field-aligned Poynting flux (panels f
and g).

A region of broadband emissions exist between 19:14 -
19:27 UT (panel a and b), which is clearly more electric
toward larger frequencies. This is quantified in Figure 2,
where the E- and B-field power spectral densities and the
OE/0B-ratio for the “quiet” period 19:07-19:10 UT (green) and
the “most active” period 19:23-19:26 UT (blue) are compared.
Two magnetic field data sets are here superposed, the
measurements from STAFF and the high resolution FGM data
(67 samples/s) respectively, and they agree with each other
rather well. Some artificial features of the spectra are
explained in the Figure caption.

The broadband emissions are in Figure 2 characterised by a
one to three order of magnitude increase in electric power at
all measured frequencies (panel a). The power in the magnetic
component (panel b) increases below 2 Hz, and only below 0.4
Hz as much as the electric power (compare with panel ¢). The
broadband emission enhancement is therefore electrostatic at
higher frequencies and electromagnetic at lower frequencies.
STAFF electric field data (not shown), which cover
frequencies up to 4 kHz, show that the broadband emissions
reach up to the auroral hiss emissions observed near 300-400
Hz. That is close to the H' plasma frequency.

The SE/6B-ratio (panel c) show a steady increase above 0.4
Hz, and below this frequency it is close to the Alfvén speed
(V) between 9-10°-3-10’ m/s. This kind of frequency
dependence of this ratio can be interpreted as due to dispersed
Alfvén waves (DAW) [Lysak and Lotko, 1996; Stasiewicz et
al., 2000; Shukla and Stenflo, 2000], possibly the result of the
Alfvén current-convective interchange mode [Seyler and Wu,
2001], where for B = 2unksTs/By> << 1 the dispersion
approximately becomes

L2~ A+kipd)
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Here, p,= ¢/ is the ion-acoustic gyro-radius, and A, = ¢/w,,

is the electron inertia length (or skin depth). In this formalism

the OE/0B-ratio becomes
OF
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Therefore, since the electron inertia length (A, = 8-24 km) is
comparable to the ion gyro-radius (poy~ 9 km, pp~ 36 km), an
increase in the OFE/d0B-ratio is expected for perpendicular
wavelengths close to these two parameters. The ion
composition varies during the event, and the O content is
about 10-60% of the total ion number density. The local
cyclotron frequencies are close to 7.4-7.6 Hz (H') and 0.46 Hz
(O"). Doppler broadening (w = |wy + k-v|) is relatively small
due to the large scales involved. For example, during most of
the period of the broadband emissions the spacecraft velocity
relative the plasma was clearly below 3 km/s, as derived from
the radial electric field component. Occasional peaks up to 9
km/s existed. If we assume the wavelength to be equal the




smallest ion gyro-radius value of 9 km for py, then a
maximum Doppler broadening of below 0.05 Hz would result
fork,p;=1.

We therefore carried out a quantitative fit to the 6E/dB-ratio
for the active broadband period using (1) and (2) and including
possible Doppler broadening effects (Figure 2, panel c, red).
The two different fits correspond to an H™ and an O'
dominated plasma respectively. A good fit could be produced
for k,/k;=800 and no Doppler broadening included. That is if
we assume a wave solution with the k,-vector perpendicular to
the plasma ram direction. In order to gain an almost equally
good fit when assuming spatial plasma structures hits the
spacecraft with a velocity of 3 km/s, required k,/k;=5000. In
that case the parallel wavelength had to be comparable to the
size of the Earth’s magnetosphere.

We therefore conclude that the observed OFE/dB-ratio
increase with frequency can be interpreted in terms of a DAW
for finite wy and k, i.e. in terms of waves. Even though we
cannot completely exclude that Doppler-broadened spatial
structures (wy = 0) dominate the broadband spectra by using
extreme values, we found that a DAW with finite w, easier
explains the data.

The Poynting flux (Figure 1, panels f and g) of the
broadband emissions is directed toward Earth for this southern
hemispheric crossing, and has been found pointing toward
Earth for all the events in this study (Table 1). Also, the
magnitudes (0.1-4 mW/m®) correspond to typical observed
energy fluxes in the topside ionosphere (1-100 mW/m?) as
well as with studies carried out based on FREJA and POLAR
data [Volverk et al., 1996; Keiling et al., 2001]. We have used
both the STAFF (0.1-10 Hz) and the high resolution FGM (<1
Hz) magnetic data for these calculations and the results are
qualitatively comparable, with the difference that the lower
frequency FGM based Poynting flux is typically a factor five
larger. More power is therefore in the lower frequencies. No
filters other than those imposed by the hardware were used.

The large-scale spatial-temporal evolution of the broadband
emissions (E-field component) as inferred from the passage at
different times by the four CLUSTER spacecraft, and the
dependence on plasma density can be viewed in Figure 3. The
trajectory of the spacecraft in MLT versus invariant magnetic
latitude is displayed in Figure 4. S/C 1 (Figure 3, panel a and
b) enters the region of broadband waves first, followed by S/C
2 (panel ¢ and d) and S/C 3 (panel e and f) at about the same
time, and S/C 4 enters the region last (panel g and h). All the
spacecraft enters the region of broadband emission near 71.6°-
71.8° indicating a spatial latitudinal boundary (compare with
Figure 4). The electron densities given in Figure 3 agrees well
with the CIS ion density data (not shown).

From Figure 3 and 4 it is clear that the region of electric
broadband emissions widens considerably equator-ward
during the time of the passage of the four CLUSTER
spacecraft. This is not due to the slow convective movement of
the existing broadband region, but instead due to the “sudden”
appearance of a new region of broadband emissions at the
edge of the already existing one. For instance, the new region
detected by S/C 4 near 19:30 UT (panel g) corresponds to a
new latitudinal region between 69.7°-68.8° and is associated
with a significant decrease in density in this region (panel h,
compare with panels d and f), not that this region has moved
equator-ward. The new region is therefore a result of a
temporal change. Since the Poynting flux was downward, this



suggests a change in physical conditions in the source region
above the CLUSTER spacecraft. Further evidence for this is
given in the PEACE electron data (Figure 5, field-aligned
components), where the plasma sheet electrons with energies
near 800 eV, detectable by S/C 2 and 3 (panel b and c),
disappear near 19:30 UT as measured by S/C 4 (panel d). It is
this hot-electron plasma sheet boundary that limits equator-
ward the region of the broadband emissions. The configuration
of the spacecraft motion in relation to the observed auroral
structures for this event is further treated in Vaivads et al.
[their Figure 2, 2003].

From Figure 1, panel e, we can note that a slowly evolving
electrostatic potential structure [e.g., Mozer et al., 1977] occur
in the region of broadband emissions near 19:17 UT (S/C 3)
with an amplitude of about 150 mV/m p-p. This electric
structure appear in S/C 1 near 19:15 UT (Figure 3, panels a
and b) where the broadband emissions are as most intense at a
sharp density gradient (see also Vaivads et al., this issue).
Also, the event reported by Marklund et al. [2001] is
associated with both intense broadband emissions as well as a
sharp density gradient. The relationship between the
emergence of electrostatic potential drops near density
gradients where intensified broadband emissions exist may
suggest that the intensification of the broadband wave
generation may initialise the growth of such electric potential
layers [see also Wahlund et al., 1994].

The most intense broadband emissions as detected by S/C 1
appear near sharp density gradients (e.g., 19:15 UT and 19:23
UT in Figure 3, panel a and b). This is a common feature
among the other events studied. Another feature is that the
density cavity widens when the broadband emission widens
toward the equator, i.e., a large-scale density cavity is formed.
The ion spectrometer data show significant H* and O°
outflows with energies around 1 keV simultaneous with the
broadband emissions. Down-going electrons of around 80 eV
and almost field-aligned up-going electron bursts up to
energies of ~1 keV is detected within the region of broadband
emissions [Vaivads et al., this issue].

Last we list the polarisation properties, as inferred from a
method by Carozzi et al. [2001] by using the electric field
components in the spacecraft spin plane. The results for the
whole study are summarised in Table 1, where it is found that
the ULF/ELF emissions are linear to slightly elliptically
polarised for the whole measured frequency range. This fact
supports the interpretation that the lower frequency
electromagnetic emissions (propagating Alfvén waves) have
the same origin as the higher frequency short-wavelength
(locally damped) electrostatic emissions.

3. Conclusion

We have shown that auroral broadband ULF/ELF emissions
at CLUSTER distances (4-5 Rg) resemble broadband
emissions observed at lower altitudes. For instance, compare
the event, as presented here, with Plates 1, 2 and 3 in Wahlund
et al. [1998] of FREJA observations at an altitude of 1700 km
and even Figure 8 in Wahlund et al. [1993] with respect to
EISCAT ground-based observations in the ionosphere. Note
the similar sizes (few hundred km) of the large-scale regions
of broadband activity and decreased plasma densities at the
edge of the plasma sheet electron region.

Intermittent auroral arc features occur within this larger
scale region. The multi-spacecraft measurements by
CLUSTER here show the temporal development of sharp



density gradients and intensified broadband waves together
with the formation of electric potential structures and particle
acceleration within the larger scale density cavity. Indeed,
there exist theoretical studies suggesting that Alfvénic activity
can create parallel electric field structures on the edges of
density cavities [Génot et al., 2001].

The detailed dispersion characteristics of the broadband
waves as observed by CLUSTER and e.g. FREJA are also
similar. We therefore believe that the broadband emissions
observed by CLUSTER in the auroral region are consistent
with dispersed linear polarised Alfvén waves (DAW)
transporting energy downward to the ionosphere guided by the
magnetic field lines. These waves are therefore an important
aspect for the energy transport for the auroral processes
leading to particle acceleration when dissipating part or all
their energy along the propagation path by wave-particle
coupling, causing ion heating, suprathermal electron bursts
and higher frequency ion-mode waves and possibly also
electric potential structures.
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Figure 1. The E- and B-field properties of ULF/ELF broadband
emissions (19:14 — 19:27 UT) during a southern oval crossing by
S/C 3 of the CLUSTER flotilla. See text for explanations.

Figure 2. The E- and B-field power spectral densities (panel a
and b) and the dE/dB-ratio (panel c) from a “broadband quiet”
period (green, 19:00-19:07 UT) and from a “broadband active”
region (blue, 19:20-19:27 UT). The two sets of magnetic data
correspond to STAFF and high resolution FGM data respectively.
The narrow electric and magnetic spikes at 0.25 Hz, 0.5 Hz and 1
Hz are due to the spinning spacecraft. The broader magnetic field
peaks near 0.35 Hz and 0.15 Hz are similarly the rest of the
STAFF antenna noise level after de-spinning and exist during the
whole displayed interval (panel b). The high resolution FGM data
reaches the detection threshold above about 1 Hz, causing an
artificial flat spectral behaviour.

Figure 3. The E-field power spectral densities and electron
densities from all four CLUSTER spacecraft. The region of
broadband emissions widens equator-ward during a sub-storm
growth phase.



Figure 4. The spacecraft trajectories of the CLUSTER flotilla in
MLT-ILAT coordinates. S/C-1 enters a latitude region first, then
S/C-2 and S/C-3 almost simultaneously, and last S/C-4. The
regions of broadband emissions are created successively in new
latitude regions.

Figure 5. PEACE field-aligned earthward electron data from the
four CLUSTER spacecraft together with field-aligned current
density values (superposed black line). Except for the inverted-V
acceleration near 19:15 — 19:19 UT, the broadband emissions are
associated with ~80 eV electrons at the edge of the plasma sheet
electrons (starting near 19:27 — 19:32 UT).

Table 1. Event characteristics used in this study. All events are
from year 2001. Poynting flux values are max average values
(over 250 data points) based on both STAFF and high resolution
FGM magnetic data.

Date, UT Max Spor e fem™] Ellipticity
Jan-14, ~04:30, N 03 0.05-0.5 Linear
Feb-14, ~01:00, S 0.2 0.2-2 Linear
Feb-26, ~00:30, N 4 0.1-2 Linear
Mar-19, ~08:30, S 0.1 0.1-10 Linear
Mar-19, ~11:30, N 0.1 0.05-5 Linear/Slightly RH
Mar-31, ~08:30, N 1.5 50-200 Linear/Slightly RH
Apr-28, ~19:20, S 0.3 0.03-0.3  Linear/Slightly RH

Apr-28, ~22:00, N 0.3 0.1-5 Linear
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