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Abstract. It has lately been shown that low-frequency bursts
of auroral kilometric radiation (AKR) are nearly exclusively
associated with substorm expansion phases. Here we study
low-frequency AKR using Polar PWI and Interball POLRAD
instruments to constrain its possible generation mechanisms.
We find that there are more low-frequency AKR emission
events during wintertime and equinoxes than during sum-
mertime. The dot-AKR emission radial distance range co-
incides well with the region where the deepest density cav-
ities are seen statistically duringKp>2. We suggest that
the dot-AKR emissions originate in the deepest density cav-
ities during substorm onsets. The mechanism for generating
dot-AKR is possibly strong Alfv́en waves entering the cavity
from the magnetosphere and changing their character to more
inertial, which causes the Alfv́en wave associated parallel
electric field to increase. This field may locally accelerate
electrons inside the cavity enough to produce low-frequency
AKR emission. We use Interball IESP low-frequency wave
data to verify that in about half of the cases the dot-AKR
is accompanied by low-frequency wave activity containing
a magnetic component, i.e. probably inertial Alfvén waves.
Because of the observational geometry, this result is consis-
tent with the idea that inertial Alfv́en waves might always be
present in the source region when dot-AKR is generated. The
paper illustrates once more the importance of radio emissions
as a powerful remote diagnostic tool of auroral processes,
which is not only relevant for the Earth’s magnetosphere but
may be relevant in the future in studying extrasolar planets.

Key words. Magnetospheric physics (storms and sub-
storms; auroral phenomena) – Space plasma physics (wave-
particle interaction)
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1 Introduction

Auroral kilometric radiation (AKR) is an intense radio emis-
sion from the auroral acceleration region (Benediktov et al.,
1965; Gurnett, 1974; Kurth et al., 1975) usually between
50 and 400 kHz (Gurnett, 1991). While the quoted fre-
quency limit is rather typical, sometimes the frequency goes
up to 700–800 kHz. The generation mechanism for AKR is
thought to be the cyclotron maser instability, whose free en-
ergy source is a perpendicular positive slope in the velocity
distribution of hot (some keV) electrons (Wu and Lee, 1979).
The positive slope could be associated with either the loss
cone or the electron shell (horseshoe) distribution. The latter
mechanism has been suggested to be more efficient (Strange-
way et al., 2001). The electron shell distribution is presum-
ably created by an upward parallel electric field existing at
the bottom of a negative potential structure associated with
a discrete auroral arc. Only a fraction of the electron shell
distribution energy goes into producing AKR, the rest of the
energy is dissipated in the ionosphere by the precipitating
inverted-V electrons. Just above the bottom of the potential
structure the plasma density is low, thus the mechanism is
consistent with the observation that AKR is mainly generated
in regions of low plasma density (Benson and Calvert, 1979;
Calvert, 1981a; Hilgers, 1992). In this paper we make the
working hypothesis that the cyclotron maser instability is the
correct theory for AKR emissions and that whenever elec-
trons are accelerated strongly enough, in the parallel direc-
tion, AKR emissions follow either directly or after the mirror
force has converted an initially beam-like distribution into a
horseshoe or shell distribution containing perpendicular pos-
itive slopes (Benson and Calvert, 1979).

The frequency of AKR is nearly equal to the local electron
gyrofrequency of the generation region (f =28B whenf is
in Hz andB is in nT). Being electromagnetic radiation, AKR
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propagates almost straight in the emission cone and thus can
be used for remote sensing. Since the altitude dependence of
the magnetic field is well known, the AKR generation alti-
tude can be estimated from the AKR frequency. The usual
AKR frequencies (100–400 kHz) correspond to altitudes of
3300–9000 km (1.5–2.5RE radial distance), which is in ac-
cordance with the idea that AKR is produced within the ac-
celeration region (Roux et al., 1993; Strangeway et al., 2001).
AKR propagates upward from the generation region in a cone
centred along the magnetic field direction. The half-angle of
the cone varies between 20 and 65 deg, depending on the fre-
quency (Calvert(1981b), Fig. 3).

Wideband bursts of AKR (WBB-AKR) are associated
with substorms’ expansion phases and “manifested by a sud-
den commencement (<1 min) of the emission over a wide
frequency range, followed by a decay lasting∼10 min or
more” (Hanasz et al., 2001). Their source regions may re-
side in the western part of the auroral bulges occurring in the
premidnight sector, i.e. the region containing the brightest
aurora during substorm expansion phase (de Feraudy et al.,
2001). In many of the WBB-AKR events the frequencies ex-
tend well below 100 kHz, corresponding to an emission alti-
tude above 9000 km. In many AKR spectra there is a short-
lived island of emissions around 50 kHz which is discon-
nected from the main emissions at higher frequencies. Fol-
lowing de Feraudy et al.(2001), we call it the dot-AKR. The
term “exclamation point AKR” employed byHanasz et al.
(2001) refers to the same phenomenon.

In this paper we use the following terminology. Any
AKR emission occurring below 100 kHz will be called low-
frequency AKR (LFAKR). The term dot-AKR is used for the
subclass of LFAKR where there is a disconnected island of
emission in the time-frequency spectrogram at∼50 kHz. Fi-
nally, LFAKR which is not dot-AKR will be called smooth
low-frequency AKR (SLFAKR), i.e. any emission below
100 kHz that varies smoothly and continuously with fre-
quency is SLFAKR. Notice that these definitions refer only
to the phenomenological features of the emissions.

In the same frequency range (from the local gyro fre-
quency to 100 kHz) where the LFAKR occurs, several other
freely propagating radiation components have been reported
and named in the literature. The nonthermal continuum radi-
ation (Gurnett, 1975) is mainly a dayside phenomenon gen-
erated between 5 and 8RE and is thus probably not related
to the LFAKR discussed in this paper. The low-frequency ra-
diation (LFR) discussed byFilbert and Kellogg(1989), and
especially the nonthermal continuum enhancement radiation
or the auroral myriametric radiation (AMR) ofHashimoto et
al. (1998) are possibly at least partly the same as our LFAKR.
The isotropic terrestrial kilometric radiation (ITKR) observa-
tions made in the Lagrange point bySteinberg et al.(1990)
may have at least partly the same source as our LFAKR, but
the directional properties of the radiation have been heavily
modified by propagation effects in the dense solar wind. In
short, a nightside emission occurring between the local gyro-
frequency and about 100 kHz is LFAKR if it is sporadic in
nature and occurs together with intense AKR but not neces-

sarily having a detailed temporal correlation with it. Depend-
ing on where the observations are made, propagation effects
depending on the plasma density structure may modify the
picture.

The goal of this paper is to study the basic properties of
LFAKR and their relation to the auroral cavities. The asso-
ciation of normal AKR with cavities is already well known
(Louarn and LeQueau, 1996a, b). We determine altitudes
of the LFAKR sources and their seasonal variations, and
association of the LFAKR with the occurrence of the low-
frequency wave activity. We will also present a scenario for
the generation conditions of LFAKR. In Sect. 3 we statisti-
cally find that the sources of the LFAKR occur at times of in-
creased substorm activity, within cavities formed at altitudes
about 3RE at auroral latitudes and evening local times. In
Sect. 4 we show evidence that the occurrence of LFAKR is
associated with the Alfv́enic wave activity. A similar analysis
was briefly described byHanasz et al.(2001), however, with-
out having the explicit requirement that the Interball foot-
point is within the UVI auroral bulge. Alfv́en waves at lower
altitude (in the acceleration region and below) have been
analysed, for example, byChaston et al.(2002) andVolw-
erk et al.(1996). Above 4RE geocentric distance, they have
been shown to be important in auroral energetics (Keiling
et al., 2002, 2003).

2 Instrumentation

2.1 Polar PWI

The plasma wave instrument (PWI) on board the Polar satel-
lite (Gurnett et al., 1995) measures electric and magnetic
waves in the frequency range 26 Hz–800 kHz. The instru-
ment worked from 27 February 1996, until 16 September
1997. During that period, Polar spent most of its time at
a distance of 4−9RE above the Northern Hemisphere and
thus could observe AKR in this region. Polar PWI has pre-
viously been used for studying AKR, for example, byImhof
et al.(1998). In this study we use the SFR-A subinstrument
for measuring AKR.

2.2 Polar UVI

The ultraviolet imager (UVI) on board Polar images the au-
roral emissions in the far ultraviolet with a nominal time res-
olution of 37 s (Torr et al., 1995). We use UVI for checking
if and where a substorm expansion is preceeding during the
events.

2.3 Interball auroral probe (POLRAD)

The Interball Auroral Probe (Interball-2) was launched on
29 August, 1996, to an orbit with apogee 19 140 km and
perigee 780 km, and an inclination to the equator of 62 de-
grees. The Interball Auroral Probe flew somewhat above the
source region of LFAKR. POLRAD was a high-frequency
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wave instrument on board Auroral Probe, capable of mea-
suring power density of the wave electric component in a
frequency range from 4 to 1000 kHz (Hanasz et al., 1998,
2001). POLRAD worked from 4 September 1996 to 26 Jan-
uary 1999.

2.4 Interball auroral probe (IESP)

IESP is a low-frequency wave instrument on board the Inter-
ball Auroral Probe which can measure all six components of
the electromagnetic field in the 0.1–30 Hz frequency range
(Perraut et al., 1998). It worked from 7 September 1996, un-
til 28 October 1998, however, the magnetic channels stopped
working on 20 December 1996. We use IESP for estimat-
ing the ratio of the electric and magnetic wave components
to answer the question of whether the observed waves are
Alfv énic in nature or not.

2.5 How data sets are used

In Sect. 3 we use only Polar data. Polar is at high altitude
and can thus almost always observe AKR no matter where in
the auroral region the emissions are located. Polar also has
the UVI camera for checking the connection to optical emis-
sions. The drawback of Polar is that when it observes AKR
with PWI and auroral UV emission with UVI, the space-
craft almost never resides on auroral field lines. In other
words, Polar almost never sees its own footprint. Therefore,
in Sect. 4 we use Interball Auroral Probe data to complement
Polar. Interball provides in situ wave and AKR data from
within close vicinity of the AKR source field lines.

3 Seasonal properties of LFAKR

We have analysed all Polar PWI data to find LFAKR signa-
tures. The data set starts in early March, 1996, and ends on
15 September 1997, thus it covers two summers and one win-
ter season in the Northern Hemisphere. The search used the
following automated criteria:

1. Polar must be in the nightside magnetosphere (18:00–
06:00 MLT) at larger than 5RE radial distance, to
be sure that we are above the generation altitude of
LFAKR.

2. For AKR theE/B ratio is equal toc, thus we required
thatE/B≤5×108 m/s as measured by PWI SFR-A.

3. The electric spectral power somewhere in the 30–
50 kHz frequency range must exceed 10−14 (V/m)2/Hz.

The resulting events were then manually checked for data
errors. We also checked that the local gyro and plasma fre-
quencies were lower than the LFAKR frequency. The search
yielded 149 LFAKR events, 62 of which occurred with UVI
data which was also available. Of these 62 events, 59 were
associated with a clear auroral breakup as determined from
UVI. The good correlation of LFAKR with auroral breakups
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Fig. 1. Arithmetically averaged power density of AKR for low-
frequency AKR events (LFAKR) plotted as a function of frequency,
obtained from Polar PWI measurements. Solid line corresponds
to winter months (November-February) and dashed line to sum-
mer months (May-August). Most of the plot corresponds to normal
AKR, while LFAKR contribution is seen in the frequency range
30–50 kHz. Power in the range 10–15 kHz is not AKR but due to
whistler wave activity since its frequency is below the local elec-
tron gyrofrequency. The peak at 25 kHz is due to a single strong
dot-AKR event at this frequency (18 November 1996, 14:37 UT).

is consistent with previous studies (de Feraudy et al., 2001;
Hanasz et al., 2001).

For the 149 LFAKR events mentioned, we determined
the boundaries of significant 30–50 kHz emission manually.
Over these times, an arithmetic average of the PWI SFR-A
electric power density was carried out. Winter month events
(November–February) and summer events (May–August)
were averaged separately and events which occurred in
March, April, September or October (equinox events) were
ignored. The number of winter events was 47, the number of
summer events 23, and the number of ignored equinox events
79. Since the data set covers three equinoxes, one winter and
two summers, the numbers indicate that LFAKR events are
about equally common in winter and equinox (∼ 12 events
per month), but more rare during summertime (∼ 3 events
per month). Notice that there is an equal number of sub-
storms in summertime and wintertime (since substorms are
global and when one hemisphere is in winter the other is in
summer), so the reason for the rarity of LFAKR events dur-
ing summertime must reflect some change in the local plasma
environment rather than a lack of a suitable magnetospheric
driver during summertime. We shall give a possible explana-
tion for this anomaly in the Discussion section. The result-
ing time-averaged power density during LFAKR is shown
in Fig. 1, where the solid line is for winter months and the
dashed line for summer months.
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Fig. 2. Same as Fig.1 but plotted as a function of AKR source
radial distance.

In Fig. 2 we show the same data but now the horizontal
axis is the radial distanceR of the generation region instead
of the measured frequency. The frequency has been turned
to radial distance by assuming that the magnetic field atR

equalsB=50 000 nT/(R/RE)3; this approximation is ade-
quate for our purposes here.

Slightly outside the main topic of this paper but still inter-
esting to note, we observe the following from Fig.2 concern-
ing high frequency AKR. The lowest AKR emissions occur
at 1.5RE radial distance (3000 km altitude) during summer-
time and about 1500 km lower during wintertime, i.e. that
there is a seasonal shift. Notice that the events under con-
sideration here are not just any AKR but they correspond to
substorm expansion phases, during which the bottom of the
acceleration region resides at lower altitude than when the
AKR comes from quiet auroral arcs. This is seen, for exam-
ple, when comparing lowKp(Kp≤2, mostly non-substorm
intervals) and highKp(Kp>2, substorm-rich intervals) oc-
currence frequencies of electric potential minima (Janhunen
et al., 2004a) and auroral density depletions (Janhunen et al.,
2002a). Indeed, it has been known for a long time that the
acceleration region altitude depends on the season (Bennett
et al., 1983). More recently,Kumamoto et al.(2003) showed
that AKR frequency depends on season and also on solar cy-
cle, in such a way that the altitude of intense AKR emissions
is the lowest during wintertime solar minimum conditions.

Next, we manually classify the PWI events in dot-AKR
and non-dot events which we call smooth low-frequency
AKR (SLFAKR) events. Dot-AKR events are those where
the low-frequency part causes an island which is more or less
well separated from the main AKR and SLFAKR events. By
SLFAKR we mean low-frequency emissions which do not
form a discernable dot or island. Figure3 shows an exam-
ple of a dot-AKR event and Fig.4 shows an example of a
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19961214 Dot AKR

Fig. 3. Example of the radiospectrogram (in units of Jansky) of
a dot-AKR event obtained on 14 December 1996 with the Plasma
Wave Instrument (PWI) on Polar. The dot-AKR (red arrow) is seen
near 10:00 UT at frequencies of 25–55 kHz.
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Fig. 4. Example of the radiospectrogram (in units of Jansky) of
SLFAKR event obtained on 28 January 1997 with the Plasma Wave
Instrument (PWI) on Polar. The event boundaries are marked with
red vertical lines. In this paper we use the definition that all smooth
AKR emissions below 100 kHz are smooth low-frequency AKR
(SLFAKR).

SLFAKR event. Figure5 shows the histogram of the source
region radial distanceR as determined from the frequency
for dot-AKR and SLFAKR events. Summer and winter
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Fig. 5. Polar PWI data histogram of source region radial dis-
tance for(a) summer dot-AKR,(b) winter dot-AKR, (c) summer
SLFAKR and(d) winter SLFAKR events. The SLFAKR panels
show a cumulative sum up to the low cutoff frequency.

events are shown separately for both dot-AKR and SLFAKR.
The quantity shown by the horizontal axis is the radial dis-
tance corresponding to the most intense emission in the dot-
AKR case and the low cutoff frequency in the SLFAKR case.
The vertical axis is the number of events. For the SLFAKR
events, a cumulative sum up to the low cutoff frequency is
shown in the SLFAKR panels, i.e. basically all altitudes be-
low the cutoff emit AKR in the SLFAKR case. We see that
the dot-AKR events occur at higher altitude during summer-
time than during wintertime, while in the SLFAKR cutoff no
seasonal effect can be discerned. The small statistics during
summertime makes this conclusion not completely trustwor-
thy. The application of Student’st-test shows that the prob-
ability that the mean altitudes during summer and winter are
truly different is 85%; in other words, the probability that the
difference is accidental is 15%.

The distinction of LFAKR events into dot-AKR and
SLFAKR is necessarily somewhat subjective and also de-
pends on the time resolution of the data (recall the phe-
nomenological definitions from the fourth paragraph of the
Introduction). Concerning possible physical mechanisms re-
sponsible for the phenomenological emission types dot-AKR
and SLFAKR, our opinions are the following: 1) There is
some specific transient physical mechanism which is respon-
sible for dot-AKR. 2) The observed SLFAKR is a combi-

Fig. 6. Polar UVI data for 9 December 1996. The Interball Auro-
ral Probe footpoint is marked with a triangle. Interball is making
measurements in the auroral bulge. G. Parks and CDAWeb are ac-
knowledged.
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Fig. 7. Footprints of Interball Auroral Probe magnetic field lines at
times of dot-AKR (dots) and SLFAKR (crosses) events.

nation of a) normal AKR that extends for some reason to
lower frequencies than usually (for example, by increased
ionospheric plasma density) and b) transient dot-AKR events
superposed together so that their underlying “dot” character
cannot be discerned from the data.

4 IESP wave measurements near source region of dot-
AKR and SLFAKR

We selected dot-AKR and SLFAKR events where the Inter-
ball Auroral Probe footpoint is within an auroral bulge as
judged from Polar UVI images. The events span the time in-
terval 5 December 1996 until 9 December, 1997. An exam-
ple is shown in Fig.6. Again, the events were classified as
dot-AKR and SLFAKR events, yielding 29 dot-AKR and 15
SLFAKR events. Figure7 shows the MLT and ILAT of each
Interball dot-AKR event (dots) and SLFAKR event (crosses).
In accordance with earlier studies, the events mainly occur
in the premidnight MLT sector which is typical for auroral
bulges (Hanasz et al., 2001).
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The dot-AKR and SLFAKR events are summarised in Ta-
bles 1 and 2, respectively. For each event we list Interball
radial distance, MLT, ILAT, the frequency range of the emis-
sion, the corresponding generation radial distance range, and
letters telling whether low-frequency IESP electric (E) and
magnetic (B) waves were detected simultaneously. A ques-
tion mark indicates that the magnetic channel of IESP was
not operational and a dash indicates that the corresponding
signal was weak or nonexistent.

Among the dot-AKR events (Table 1), 6 out of 29 (21%)
cases have both electric and magnetic low-frequency IESP
wave components significantly enhanced from the back-
ground level. In 7 cases (24%) the electric wave component
is enhanced but the magnetic part of IESP is not operating,
so the existence of the magnetic wave component cannot be
verified. Thus, in 13 cases (45%) there is at least electric
wave activity associated with the dot-AKR emission. For
SLFAKR events (Table 2) the number with at least electric
wave activity is 9 out of 15, i.e. 60%.

In Fig.8 we show an example of POLRAD data (panel (d))
with IESP data (panels (a–c)). Panel (a) is the electric wave
amplitude, panel (b) the magnetic wave amplitude, and panel
(c) their ratio (theE/B ratio). Notice that in the magnetic
component there is rather high instrument noise level, so the
E/B ratio in panel (c) is meaningful only when clear discrete
wave emissions are seen in panel (b). At times marked with
an arrow there is an artificial calibration signal from another
wave instrument (NVKONCH), so signals seen at these times
do not correspond to physical waves.

4.1 Wave mode seen in IESP data

The frequency range considered (0.2–10 Hz) is well be-
low the proton gyrofrequency, which is about 20 Hz in this
case. Thus, the waves seen could in principle be either
shear Alfv́en waves, fast magnetosonic waves or ion acoustic
waves. Further, if there is significant helium or oxygen con-
tent, oxygen or helium cyclotron and Bernstein modes could
also exist in this frequency range. Ion acoustic and Bernstein
waves have no significant magnetic component. Fast mag-
netosonic waves would have wavelengths of the order of an
Earth radii, and since their phase velocity does not depend
strongly on the magnetic field direction, they should propa-
gate in all directions. However, this would contradict the ob-
servation that the waves are seen only on certain field lines.
Thus, the waves are likely to be shear (inertial) Alfvén waves.
Such waves have been extensively discussed in the litera-
ture for their possible role in accelerating auroral electrons
(Hasegawa, 1976; Hui and Seyler, 1992; Lysak and Lotko,
1996). The perpendicular wave electric and magnetic field
ratio,E⊥/B⊥, of inertial Alfvén waves is

E⊥

B⊥

= vA

√
1 + k2

⊥
λ2

e, (1)

wherevA=B0/
√

µ0ρ is the MHD Alfvén speed,k⊥ the
perpendicular wave number,λe=c/ωpe the collisionless skin
depth,ωpe=

√
ne2/(ε0me) the electron plasma angular fre-

1

10

E

(V
/m

)/
sq

rt
(H

z)

10−5

10−4

10−3

0.01

1

10

B

T
/s

q
rt

(H
z)

10−12

10−11

10−10

10−9

1

10

E
/B

m
/s

107

108

109

13:00 13:10 13:20 13:30 UT

1.5

2

2.5

3

3.5

4

R
/R

_E

Jy

105

106

107

108

109

1010

1011

1012

3.082 3.27 3.438 3.582 R/R_E
20.45 20.94 21.45 21.94 MLT
66.66 68.6 70 71 ILAT

Interball Auroral 19961211

a

b

c

d

Hz

Hz

Hz

Fig. 8. Dot-AKR example event 11 December 1996 with IESP
and POLRAD data, showing(a) electric IESP wave amplitude,(b)

magnetic IESP wave power,(c) theE/B ratio from IESP and(d)

POLRAD AKR data. Artificial signals are shown by arrows. The
intensity in panel (d) is in Jansky (1 Jy=10−26W m−2 Hz−1). The
vertical axis in panel (d) is the radial distance corresponding to the
AKR frequency assuming the frequency corresponding to the lo-
cal electron gyrofrequency. The dot-AKR seen at 13:18–13:20 at
∼3RE radial distance (45–70 kHz) occurs together with electro-
magnetic low-frequency wave activity. Dots at 13:02, 13:07–13:08
and 13:10–13:12 are not associated with low-frequency waves. No-
tice that perfect temporal correlation is not expected because AKR
can propagate from remote sources; see Subsect. 6.2.

quency,me the electron mass andn the electron density
(Stasiewicz et al., 2000). At 13:19, where the dot is seen
in Fig. 8, the background magnetic field,B0≈13 : 00 nT, so
vA=3×107 m/s if the plasma density isn=1 cm−3 and the
plasma consists of protons only. To get an idea of how sen-
sitive the result is to different parameters, consider that since
we are likely to be inside the auroral cavity, the density might
be only 0.1 cm−3. This would increasevA to 108 m/s, mak-
ing most waves during the wave bursts in Fig.8 Alfv énic.
If the waves have a small perpendicular scale, even higher
E⊥/B⊥ ratio waves may have an Alfvénic character. For
example, forn=0.1 cm−3, λe=17 km. If the perpendicular
wavelength at the ionospheric footpoint is as small as 2 km,

it is 12 km at Interball altitude, in which case
√

1+k2
⊥
λ2

e≈9,
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Table 1. Interball dot-AKR events.

Event R/RE MLT ILAT Dot Freq Gen.R/RE E/B

12 November 1996 13:01−13:02 3.1 20.5 66.0 75−100 2.4−2.7 −/−
12 November 1996 13:07−13:08 3.2 20.8 68.2 65−110 2.3−2.8 −/−
12 November 1996 13:09−13:11 3.3 20.9 68.6 70−110 2.3−2.7 −/−
12 November 1996 13:18−13:20 3.4 21.4 69.6 45−70 2.7−3.2 E/B
12 November 1996 18:44−18:55 3.1 21.2 71.2 80−200 1.9−2.6 E/B
12 November 1996 19:00−19:01 3.3 22.0 72.5 60−85 2.5−2.9 −/−
12 November 1996 19:35−19:36 3.8 23.9 73.2 65−160 2.1−2.8 −/−
12 November 1996 19:37−19:38 3.8 0.0 73.1 55−70 2.7−2.9 −/−
12 November 1996 19:55−19:56 3.9 0.7 72.3 65−90 2.5−2.8 −/−
16 December 1996 15:10−15:11 3.7 22.2 71.3 40−55 2.9−3.3 −/−
16 December 1996 15:13−15:15 3.7 22.3 71.4 50−70 2.7−3.0 E/B
16 December 1996 15:55−15:57 4.0 0.0 70.8 50−70 2.7−3.0 −/−
16 December 1996 16:00−16:03 4.0 0.2 70.6 50−70 2.7−3.0 −/−
16 December 1996 16:04−16:08 4.0 0.4 70.2 50−70 2.7−3.0 E/B
16 December 1996 16:11−16:13 4.0 0.6 69.8 30−50 3.0−3.6 E/B
18 December 1996 18:57−19:03 3.4 21.7 73.5 55−100 2.4−2.9 −/−
18 December 1996 19:18−19:32 3.7 23.1 73.8 45−130 2.2−3.2 E/B
19 December 1996 16:30−16:31 4.0 22.1 69.6 40−50 3.0−3.3 E/?
2 February 1997 16:19−16:22 4.0 22.0 69.5 40−100 2.4−3.3 E/?
2 February 1997 16:23−16:25 4.0 21.3 69.1 60−100 2.4−2.9 E/?
2 February 1997 16:26−16:28 4.0 21.4 68.8 60−100 2.4−2.9 −/?
9 October 1997 18:23−18:26 3.5 20.8 75.5 80−140 2.2−2.6 E/?
9 October 1997 18:34−18:38 3.6 21.5 75.1 45−120 2.3−3.2 E/?
9 October 1997 18:43−18:44 3.7 21.9 74.7 95−145 2.1−2.5 E/?
9 October 1997 18:49−18:51 3.8 22.2 74.3 45−75 2.7−3.2 E/?
9 October 1997 19:02−19:09 3.9 22.7 73.2 40−90 2.5−3.3 −/?
9 December 1997 15:03−15:04 3.5 22.0 70.3 75−90 2.5−2.7 −/−
1 November 1997 18:22−18:23 3.7 22.6 63.7 60 2.9 −/?
1 November 1997 18:22−18:23 3.7 22.6 63.7 30 3.6 −/?

Table 2. Interball SLFAKR events.

Event R/RE MLT ILAT Dot Freq Gen.R/RE E/B

5 December 1996 12:17−12:18 3.1 20.9 67.5 160−330 1.6−2.1 −/−
5 December 1996 12:19−12:22 3.2 21.0 68.1 110−230 1.8−2.3 −/−
5 December 1996 12:24−12:26 3.3 21.3 69.0 75−240 1.8−2.7 −/−
10 December 1996 19:48−19:56 3.3 22.2 73.5 60−250 1.8−2.9 E/B
22 December 1996 10:02−10:08 3.6 20.6 73.0 55−110 2.3−2.9 E/?
28 January 1997 20:31−20:49 4.0 22.1 72.3 50−160 2.1−3.0 −/?
9 February 1997 16:01−16:08 4.0 20.5 70.2 85−110 2.3−2.5 −/?
9 February 1997 16:23−16:27 4.0 21.0 68.4 90−180 2.0−2.5 E/?
15 February 1997 16:04−16:15 3.9 18.9 79.6 70−170 2.0−2.7 −/?
15 February 1997 11:00−11:06 4.0 0.1 72.5 50−130 2.2−3.0 E/?
9 September 1997 11:08−11:20 4.0 0.5 71.5 50−110 2.3−3.0 E/?
15 September 1997 16:50−17:00 4.0 1.1 68.0 60−300 1.7−2.9 E/?
21 September 1997 17:10−17:14 4.0 0.0 70.0 60−130 2.2−2.9 E/?
8 October 1997 07:19−08:29 3.1−3.9 17.4−21.2 69.6−74.3 80−550 1.4−2.6 E/?
27 October 1997 22:15−22:50 3.5−3.9 22.8−23.3 64.8−70.3 65−700 1.3−2.8 E/?
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Fig. 9. Same as Fig.8 but for 16 December 1996. Here the magnetic
amplitude of the low-frequency waves is stronger than in the 11
December event (Fig.8) and, consequently, theE/B ratio (panel
(c)) is smaller. Therefore, the correspondence between waves and
dot-AKR is most easily seen by comparing panels (b) (magnetic
amplitude) and (d) (dot-AKR). The dot seen at 16:12–16:13 at 3-
3.6RE radial distance (30–50 kHz) occurs (partly) simultaneously
with low-frequency waves, while the dot at 16:00–16:03 does not.
Again, because AKR can propagate from remote sources, perfect
correlation is not expected.

giving theE⊥/B⊥ ratio a value of almost 109. Thus, with
this last set of parameters, almost all waves present in Fig.8,
panel (c) would be Alfv́enic. The fact that theE⊥/B⊥ ratio in
panel (c) of Fig.8 increases with frequency is consistent with
the interpretation that these are inertial Alfvén waves: usu-
ally one can assume thatk⊥ increases withω and if so, the

factor
√

1+k2
⊥
λ2

e and thus theE⊥/B⊥ ratio increases with
frequency. The other event (Fig.9) shows similar behaviour;
there the satellite is at higher radial distance and the back-
ground magnetic field is∼1.7 times smaller than in Fig.8.
Thus, we conclude that the data are consistent with the inter-
pretation that the wave bursts in these examples are inertial
Alfv én waves. In the events where we do not have the mag-
netic wave component measured, we obviously cannot make
judgements about the Alfvénic character. However, the most
natural assumption is that these low-frequency events behave
similarly to those where magnetic field measurements are

available. Under this assumption, all our data are consistent
with the interpretation that the wave bursts are Alfvénic or
contain a mixture of Alfv́en and more electrostatic modes.

5 Summary of observations

We first briefly summarise our main observational results and
discuss them further below:

1. There are more LFAKR (both dot-AKR and SLFAKR)
emission events during wintertime and equinoxes than
during summertime.

2. The dot-AKR emission radial distance peaks at
∼2.75RE during wintertime and at∼3.25RE during
summertime.

3. The low-frequency wave data are consistent with the in-
terpretation that Alfv́en wave activity is present during
the dot-AKR and SLFAKR emissions.

6 Discussion

6.1 Seasonal shift

Many statistical measurements of auroral plasma physical
parameters display a seasonal shift in altitude: all phenom-
ena related to the electric field and plasma density structures
are raised to higher altitude when the underlying ionosphere
is sun-illuminated (Olsson and Janhunen, 2003). A similar
trend is typically seen both when the data are binned accord-
ing to the footpoint illumination condition and according to
the season (summer/winter months). In the auroral density
depletions the radial shift is about 0.5RE (Janhunen et al.,
2002a). The existence of a seasonal shift is itself not a new
result, but if a new parameter displays a similar shift, the in-
dication is that the parameter is somehow physically related
to the plasma density and/or static electric field structures.
The underlying reason for the seasonal shifts is probably
the increased ionospheric plasma density due to photoioni-
sation when the ionosphere is sunlit: it is more difficult for
magnetospheric processes to “dig” deep cavities in a more
dense plasma during summertime, thus the cavities remain at
higher altitude. Strong auroral electric fields follow a similar
trend, since strong fields may only exist when there are not
enough cold electrons to short-circuit them.

The seasonal shift seen in the altitude of dot-AKR emis-
sions is more interesting. It indicates that the dot-AKR emis-
sions probably are related to plasma density and/or static
electric field structures∼1.5RE above the bottom of the
acceleration region. A corresponding shift is not seen in
SLFAKR emission altitude, but the amount of data we have
is not sufficient for discussing possible reasons for this.

It is interesting that the dot-AKR events are less common
during summertime than during equinox and winter. The
difference is not likely to be in the strength of the magne-
tospheric driver, but in the local plasma conditions. During
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summertime the plasma density is higher and deep cavities
are less common (Janhunen et al., 2002a). This is another
indication that the dot-AKR emissions are physically related
to auroral cavities. Actually this is not very surprising, since
the ordinary AKR in general is related to low plasma densi-
ties (Benson and Calvert, 1979; Hilgers, 1992).

6.2 Association with low-frequency waves

We pointed out that in about 50% of the dot-AKR and
SLFAKR events significant low-frequency wave activity oc-
curs simultaneously when the AKR is detected by Interball.
It is natural that in some cases simultaneous low-frequency
waves are not detected, since when detecting the AKR In-
terball need not be on the same field line where the AKR
emission was generated (Fig.10). Let 1R denote the ra-
dial distance difference between Interball and the emission
region. The AKR emission cone width is of the order of
45o, so the radiation may travel a perpendicular distance
which is comparable to1R. The median value of1R for
the dot-AKR events of Table 1 is 0.85RE , i.e. 5400 km per-
pendicular spacing atR≈3.7RE which is the median radial
distance of Interball for the events in Table 1. The scaling
factor to the ionosphere is approximately the square root of
the magnetic field ratio, i.e. about 3.7(3/2)

≈7. Thus, Inter-
ball may start seeing dot-AKR emission when its footpoint
is 5400/7≈800 km away from the footpoint of the dot-AKR
emission region. We have selected out events so that the foot-
point of Interball is within the auroral bulge as seen by UVI
and this may actually limit the perpendicular distance to the
emission region more than the above rough calculation, since
typically the bulge diameter is∼1000 km. However, it is
likely that not the whole auroral bulge but only those parts of
it that contain the most active and bright auroras contain the
strongest Alfv́en waves. Taking all of this together, we think
that the fact that waves are seen in about 50% of the cases
is not unexpected and is consistent with the assumption that
such waves might exist in all cases if the satellite were on the
same field line as the dot-AKR source region.

6.3 How Alfvén waves could accelerate electrons in a cav-
ity

We now discuss the Alfv́en wave scenario more closely. The
dispersion relation of an inertial Alfv́en wave is

ω =
k‖vA√

1 + k2
⊥
λ2

e

(2)

(Stasiewicz et al., 2000) if one ignores ion Larmor radius
effects. TheE‖/E⊥ ratio of the wave is

E‖

E⊥

=
k‖k⊥λ2

e

1 + k2
⊥
λ2

e

. (3)

Solving Eq. (2) for k‖ and substituting in Eq. (3) yields

E‖

E⊥

=
ωk⊥λ2

e

vA

√
1 + k2

⊥
λ2

e

. (4)

Fig. 10. The dot-AKR generation region (circle) may send AKR to
any of the depicted Interball positions, although the Alfvén waves
probably exist only on the flux tube of the generation region; thus,
the satellite need not necessarily detect Alfvén waves when it de-
tects dot-AKR even if Alfv́en waves and dot-AKR always occur
together.

If the perpendicular wavelength is not too small,k⊥λe<1
and we haveE‖/E⊥≈ωk⊥λ2

e/vA. Since vA∼1/
√

n and
λ2

e∼1/n, the density dependence is 1/
√

n, i.e.E‖/E⊥ grows
with decreasing density. Thus, if an Alfvén wave with suit-
ablek⊥ enters a density cavity, its parallel electric field com-
ponent increases. This is one mechanism by which the dot-
AKR emission may occur: if there is a pre-existing den-
sity cavity into which a strong Alfv́en wave enters from
the magnetosphere, the parallel component may become
large enough inside the cavity that electrons are accelerated
enough to produce AKR emission. This is consistent with the
fact that statistically, the auroral cavity occurrence frequency
peaks at the same radial distance 2.75RE (Fig. 11, bottom
panel; we do not consider the prominent 4.75RE feature
now) where the dot-AKR emissions usually originate (Fig.5,
panel (b)). Notice that Fig.11 shows only cases where the
underlying Polar satellite footpoint is not illuminated by the
Sun, which corresponds to the majority of the cases where
dot-AKR is found, i.e. winter months (Fig.5, panel (b)). No-
tice also that with Polar/PWI, one cannot determine which
flux tubes are emitting the AKR, so the footpoint illumina-
tion condition based method could not be used in Fig.5 but
the month-based method is the only possibility. Figure11,
was produced by using the same Polar electric field data
and analysis methods that are described byJanhunen et al.
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Fig. 11. The cavity occurrence frequency forKp>2 (i.e. times
when substorms are common) in the evening and midnight sectors
(18:00–02:00 MLT) for three different spacecraft potential thresh-
olds using Polar/EFI data (three lower panels), and the orbital cov-
erage (top panel) when the ionospheric footpoint is not illuminated
by Sun. The interesting double-peaked structure emerges as the
spacecraft potential threshold is made more negative: it is most vis-
ible in the bottom panel. The occurrence frequency is the fraction
of time the given condition is fulfilled; it is thus a number between
0 and 1. For more details, see Janhunen et al., (2002a).

(2002a), and shows only results forKp values larger than 2
to make the data set more representative for substorm peri-
ods. In Fig.11bottom panel, another cavity island (enhanced
occurrence frequency of low plasma densities) is seen at high
altitude at 4.75RE radial distance, i.e. the cavity occurrence
frequency has a double-peaked structure. The physical ex-
planation behind the 4.75RE feature is completely different
from what we are considering here and therefore the dis-
cussion of the 4.75RE feature is given elsewhere;Janhunen
et al.(2004b), see alsoWygant et al.(2002).

The normal AKR originated from altitudes below the peak
of the cavity occurrence, as seen by comparison of Figures
2 and 11. A reason for this may be found in the tempo-
ral evolution cycle of auroral cavities (Janhunen and Olsson,
2002b). When the process causing an auroral arc begins, a
cavity starts to form (a “live” cavity). If the process main-

taing the arc stops, electric fields and AKR emissions cease
quickly in the electron time scale, but the cavity remains for
∼10 min because it can be filled only in the ion time scale
(a “dead” cavity). Because the plasma that refills the cav-
ity comes mainly from the ionosphere, the lower part of the
cavity disappears more rapidly. Thus, dead cavities are on
the average found at higher altitude than live cavities. Since
only live cavities emit normal AKR, it follows that the nor-
mal AKR emission altitude is lower than the most common
cavity occurrence altitude (the latter contains both live and
dead cavities). In our scenario, the Alfvén mechanism works
equally well for live and dead cavities and thus no statistical
distortion in the generation altitude of the dot-AKR emission
is expected with respect to the peak cavity occurrence. This
is in accordance with our data, since, as pointed out above,
panel (b) of Fig.5 and Fig.11 show the same peak radial
distance of 2.75RE .

Another mechanism for accelerating electrons involving a
density cavity and Alfv́en wave has been proposed by Génot
et al. (2000). In their model the important factor is the per-
pendicular gradient at the boundary of the cavity. In both
mechanisms the result is an increase of the parallel elec-
tric field component because of the cavity. The Génot et
al. (2000) mechanism is, however, related to the simpler one
described above, since their model obeys a relationship ap-
proximately similar to Eq. (3) but with the density gradient
length at the cavity boundary(1/n)|∇n| substituted fork⊥.

In their studies of the detailed temporal behaviour of the
WBB-AKR, de Feraudy et al.(2001) and Hanasz et al.
(2001) found that in many cases the onset of the emission
propagates so quickly in frequency space (or, equivalently,
in altitude space) that only an Alfvénic process is capable of
driving it. This is further evidence that Alfvén waves must
play a role in explaining the dot-AKR.

7 Conclusions

With an underlying assumption that the cyclotron maser
mechanism is the final step producing all types of AKR, we
propose that Alfv́en waves hitting a pre-existing deep den-
sity cavity are the mechanism specifically generating the dot-
AKR emission. In dot-AKR generation, electrons are tran-
siently accelerated in the parallel direction since the parallel
Alfv én wave electric field is locally enhanced due to the low
plasma density found in a deep cavity. This interpretation
is consistent with both statistical results (wintertime, i.e. low
density preference for dot-AKR) and individual events (re-
lation of dot-AKR to substorm onsets and simultaneous ob-
servation of Alfv́en waves). Thus, the dot-AKR mechanism
is different from normal AKR, which is thought to be gen-
erated by non-transient potential structure type electron ac-
celeration (or Alfv́enic acceleration caused by non-transient
Alfv én-waves; the question as to what extent potential struc-
ture and Alfv́enic acceleration can be distinguished at low
altitude is somewhat unclear (Lysak, 1998)). The term “nor-
mal AKR” here does not include wide band bursts of AKR
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(Hanasz et al., 2001) which are probably transient Alfvénic
in origin; their relationship to normal AKR and dot-AKR
remains a topic for future research. If this interpretation is
correct, the dot-AKR emission acts as a remote diagnostic
indicator for transient Alfv́en-wave induced electron acceler-
ation in deep cavities. Although the dot-AKR phenomenon
has thus far been reported only in the Earth’s magnetosphere;
in principle the mechanism could also work in other plane-
tary magnetospheres.
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Alfv én waves in density cavities, J. Geophys. Res., 105, 27 611–
27 620, 2000.

Filbert, P. C. and Kellogg, P. J.: Observations of low-frequency ra-
dio emissions in the Earth’s magnetosphere, J. Geophys. Res.,
94, 8867–8885, 1989.

Gurnett, D. A.: The Earth as a radio source: Terrestrial kilometric
radiation, J. Geophys. Res., 79, 4227–4238, 1974.

Gurnett, D. A.: The Earth as a radio source: the nonthermal contin-
uum, J. Geophys. Res., 80, 2751–2763, 1975.

Gurnett, D. A.: Auroral plasma waves, in Auroral physics, ed. by
C.-I. Meng, M.J. Rycroft and L.A. Frank, Cambridge University
Press, 1991.

Gurnett, D. A., Persoon, A. M., Randall, R. F., Odem, D. L., Rem-
ington, S. L., Averkamp, T. F., Debower, M. M., Hospodarsky, G.
B., Huff, R. L., and Kirchner, D. L. et al.: The Polar Plasma Wave
Instrument, Space Sci. Rev., edited by C. T. Russell, Kluwer
Acad., 71, 597–622, 1995.

Hasegawa, A.: Particle acceleration by MHD surface wave and for-
mation of aurora, J. Geophys. Res., 81, 5083–5090, 1976.

Hashimoto, K., Kudo, S., and Matsumoto, H.: Source of auroral
myriametric radiation observed with Geotail, J. Geophys. Res.,
103, 23 475–23 483, 1998.

Hui, C.-H. and Seyler, C. E.: Electron acceleration by Alfvén waves
in the magnetosphere, J. Geophys. Res., 97, 3953–3963, 1992.

Hanasz, J., Krawczyk, Z., Mogilevsky, M. M., Schreiber, R., de Fer-
audy, H., Dudzinski, K., Romantsova, T. V., Nowakiewicz, W.,
Kraynyuk, A., Barylko, M., Buczkowska, A., Juchniewicz, J.,
Nazarov, V. N., Mikhalev, N.: Observations of auroral kilometric
radiation on board Interball-2: Polrad experiment, Cosmic Res.,
36, Engl. Transl., 575–586, 1998.

Hanasz, J., de Feraudy, H., Schreiber, R., Parks, G., Brittnacher, M.,
Mogilevsky, M. M., and Romantsova, T. V.: Wideband bursts of
auroral kilometric radiation and their associated with UV auroral
bulges, J. Geophys. Res., 106,, 3859–3871, 2001.

Hilgers, A.: The auroral radiating plasma cavities, Geophys. Res.
Lett., 19,, 237–240, 1992.

Imhof, W. L., Chenette, D. L., Datlowe, D. W., Mobilia, J., Walt,
M. and Anderson, R. R.: The correlation of AKR waves with
precipitating electrons as determined by plasma wave and X-ray
image data from the POLAR spacecraft, Geophys. Res. Lett., 25,
289–292, 1998.

Janhunen, P., Olsson, A., and Laakso, H.: Altitude dependence of
plasma density in the auroral zone, Ann. Geophys., 20, 1743–
1750, 2002a.

Janhunen, P., Olsson, A., and Laakso, H.: A hybrid simulation
model for a stable auroral arc, Ann. Geophys., 20,, 1603–1616,
2002b.

Janhunen, P., Olsson, A., and Laakso, H.: The occurrence frequency
of auroral potential structures and electric fields as a function
of altitude using Polar/EFI data, Ann. Geophys.,, 22, 951–970,
2004a.

Janhunen, P., Olsson, A., Hanasz, J., Russell, C. T., Laakso, H., and
Samson, J. C.: Different Alfv́en wave acceleration processes of
electrons in substorms at∼4 − −5RE and 2− −3RE radial
distance, Ann. Geophys., 22, 2213–2227, 2004b.

Keiling, A., Wygant, J. R., Cattell, C., Peria, W., Parks, G., Temerin,
M., Mozer,F. S., Russell, C. T. and Kletzing, C. A.: Correla-
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