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Abstract. It has lately been shown that low-frequency bursts1 Introduction
of auroral kilometric radiation (AKR) are nearly exclusively

associated with substgrm expansion phases. Here we Stuqa(uroral kilometric radiation (AKR) is an intense radio emis-
low-frequency AKR using Polar PWI and Interball POLRAD sion from the auroral acceleration regidefiediktov et al.

instruments to constrain its possible generation mechanisma.%a Gurnett 1974 Kurth et al, 1975 usually between

We find that there are more low-frequency AKR emission 50 and 400kHz Gurnett 1990. While the quoted fre-

events during wintertime and equinoxes than during Sum-,ancy limit is rather typical, sometimes the frequency goes

.me.rtime. The. dot-AKR gmission radial distance range co—up to 700-800kHz. The generation mechanism for AKR is
!Uc'des well with th.e region Where the deepest density C""V'thought to be the cyclotron maser instability, whose free en-
ities are seen statistically during,>2. We suggest that .. "source is a perpendicular positive slope in the velocity
ﬂ_\e dot-AKR emissions originate in the dee_pest density CaVyistribution of hot (some keV) electrond/( and Lee1979.

ities dunng sub;torm onsets. :I'he mechamsm for gener_atlng-he positive slope could be associated with either the loss
dot-AKR is possibly strong Alfen waves entering the cavity e or the electron shell (horseshoe) distribution. The latter

from_the mggnetosphere and changing their characterto MOTE echanism has been suggested to be more effiGémtr(ge-
mertla_ll, \.Nh'Ch causes the Al_ian wave associated parallel way et al, 2001). The electron shell distribution is presum-
electric fle_ld _to increase. This field may locally accelerateably created by an upward parallel electric field existing at
electrons_ |n_5|de the cavity enough to produce Iow—frequencythe bottom of a negative potential structure associated with
AKR emission. We use Interball IESP low-frequency wave 5 qiscrete auroral arc. Only a fraction of the electron shell

f’ata to verif){ that in about half of the case_s'the dOI'AKR distribution energy goes into producing AKR, the rest of the
is accompanied by low-frequency wave activity containing energy is dissipated in the ionosphere by the precipitating

a magnetic component, i.e. probably inertial Afvwaves. , erted-v electrons. Just above the bottom of the potential
Because of the observational geometry, this result is consisz

ith the idea that inertial Aln oht al b Structure the plasma density is low, thus the mechanism is
tent with the idea that inertial Alen waves might always be . nqjstent with the observation that AKR is mainly generated

presentin the source region when dot-AKR is generated. Th(?n regions of low plasma densitBénson and CalverL979
paper illustrates once more the importance of radio emission&ah’ert 19814 Hilgers 1992. In this paper we make the

as a powerful remote diagnostic tool of auroral processesq ying hypothesis that the cyclotron maser instability is the

which is not only relevant for the Earth’s magnetosphere buty, oot 'theory for AKR emissions and that whenever elec-
may be relevant in the future in studying extrasolar planets.

trons are accelerated strongly enough, in the parallel direc-
Key words. Magnetospheric physics (storms and Sub_t|on,AKR emissions follow either directly or after the mirror

storms; auroral phenomena) — Space plasma physics (Wavégrce hgs convirtﬁ%_an_gun_ally beanj-l_lke dlstnbuél_onllnto a
particle interaction) orseshoe or shell distribution containing perpendicular pos-

itive slopes (Benson and Calvert, 1979).

The frequency of AKR is nearly equal to the local electron
Correspondence toA. Olsson gyrofrequency of the generation regiofi=£28B when f is
(ao@irfu.se) in Hz andB is in nT). Being electromagnetic radiation, AKR
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propagates almost straight in the emission cone and thus casarily having a detailed temporal correlation with it. Depend-
be used for remote sensing. Since the altitude dependence afg on where the observations are made, propagation effects
the magnetic field is well known, the AKR generation alti- depending on the plasma density structure may modify the
tude can be estimated from the AKR frequency. The usuabicture.
AKR frequencies (100-400 kHz) correspond to altitudes of The goal of this paper is to study the basic properties of
3300-9000 km (1.5-2.8Bf, radial distance), which is in ac- LFAKR and their relation to the auroral cavities. The asso-
cordance with the idea that AKR is produced within the ac-ciation of normal AKR with cavities is already well known
celeration regionRoux et al, 1993 Strangeway et gl2001). (Louarn and LeQueau, 1996a, b). We determine altitudes
AKR propagates upward from the generation region in a coneof the LFAKR sources and their seasonal variations, and
centred along the magnetic field direction. The half-angle ofassociation of the LFAKR with the occurrence of the low-
the cone varies between 20 and 65 deg, depending on the frérequency wave activity. We will also present a scenario for
quency Calvert(1981h, Fig. 3). the generation conditions of LFAKR. In Sect. 3 we statisti-
Wideband bursts of AKR (WBB-AKR) are associated cally find that the sources of the LFAKR occur at times of in-
with substorms’ expansion phases and “manifested by a sudereased substorm activity, within cavities formed at altitudes
den commencemeni( min) of the emission over a wide about 3Rz at auroral latitudes and evening local times. In
frequency range, followed by a decay lastingOmin or  Sect. 4 we show evidence that the occurrence of LFAKR is
more” (Hanasz et a@).2001). Their source regions may re- associated with the AlBnic wave activity. A similar analysis
side in the western part of the auroral bulges occurring in thewas briefly described blanasz et a(2001), however, with-
premidnight sector, i.e. the region containing the brightestout having the explicit requirement that the Interball foot-
aurora during substorm expansion phade Feraudy et al.  point is within the UVI auroral bulge. Alfén waves at lower
2007). In many of the WBB-AKR events the frequencies ex- altitude (in the acceleration region and below) have been
tend well below 100 kHz, corresponding to an emission alti-analysed, for example, bghaston et al(2002 and Volw-
tude above 9000 km. In many AKR spectra there is a shorterk et al.(1996. Above 4R geocentric distance, they have
lived island of emissions around 50 kHz which is discon- been shown to be important in auroral energetisil{ng
nected from the main emissions at higher frequencies. Folet al, 2002 2003.
lowing de Feraudy et a{20017), we call it the dot-AKR. The
term “exclamation point AKR” employed bilanasz et al.
(200)) refers to the same phenomenon. 2 Instrumentation
In this paper we use the following terminology. Any
AKR emission occurring below 100 kHz will be called low- 2.1 Polar PWI
frequency AKR (LFAKR). The term dot-AKR is used for the
subclass of LFAKR where there is a disconnected island ofThe plasma wave instrument (PWI) on board the Polar satel-
emission in the time-frequency spectrogram-&0 kHz. Fi-  lite (Gurnett et al. 1995 measures electric and magnetic
nally, LFAKR which is not dot-AKR will be called smooth waves in the frequency range 26 Hz—800 kHz. The instru-
low-frequency AKR (SLFAKR), i.e. any emission below ment worked from 27 February 1996, until 16 September
100kHz that varies smoothly and continuously with fre- 1997. During that period, Polar spent most of its time at
guency is SLFAKR. Notice that these definitions refer only a distance of 49 Rr above the Northern Hemisphere and
to the phenomenological features of the emissions. thus could observe AKR in this region. Polar PWI has pre-
In the same frequency range (from the local gyro fre-viously been used for studying AKR, for example, loyhof
quency to 100 kHz) where the LFAKR occurs, several otheret al.(1998. In this study we use the SFR-A subinstrument
freely propagating radiation components have been reporte¢br measuring AKR.
and named in the literature. The nonthermal continuum radi-
ation (Gurnett 1975 is mainly a dayside phenomenon gen- 2.2 Polar UVI
erated between 5 andrg; and is thus probably not related
to the LFAKR discussed in this paper. The low-frequency ra-The ultraviolet imager (UVI) on board Polar images the au-
diation (LFR) discussed blilbert and Kellogg(1989, and  roral emissions in the far ultraviolet with a nominal time res-
especially the nonthermal continuum enhancement radiatiomlution of 37 s Torr et al, 1995. We use UVI for checking
or the auroral myriametric radiation (AMR) éfashimoto et if and where a substorm expansion is preceeding during the
al. (1998 are possibly at least partly the same as our LFAKR. events.
The isotropic terrestrial kilometric radiation (ITKR) observa-
tions made in the Lagrange point Bfeinberg et al(1990 2.3 Interball auroral probe (POLRAD)
may have at least partly the same source as our LFAKR, but
the directional properties of the radiation have been heavilyThe Interball Auroral Probe (Interball-2) was launched on
modified by propagation effects in the dense solar wind. In29 August, 1996, to an orbit with apogee 19 140km and
short, a nightside emission occurring between the local gyroperigee 780 km, and an inclination to the equator of 62 de-
frequency and about 100kHz is LFAKR if it is sporadic in grees. The Interball Auroral Probe flew somewhat above the
nature and occurs together with intense AKR but not necessource region of LFAKR. POLRAD was a high-frequency
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wave instrument on board Auroral Probe, capable of mea- LFAKR events
suring power density of the wave electric component in a
frequency range from 4 to 1000 kHEH#&nasz et al.1998

2001). POLRAD worked from 4 September 1996 to 26 Jan- 107 14— 111l STy —
uary 1999. hist. LFAKR ) Normal AKR

2.4 Interball auroral probe (IESP)

IESP is a low-frequency wave instrument on board the Inter- T£L0‘
ball Auroral Probe which can measure all six components of T
the electromagnetic field in the 0.1-30 Hz frequency range
(Perraut et a).1999. It worked from 7 September 1996, un- IE

til 28 October 1998, however, the magnetic channels stoppeday g-147
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. : :
10~ : : - -
, —— ——r

2.5 How data sets are used 10 100 10 3kHz

In Sect. 3 we use only Polar data. Polar is at high alt'tUd_eFig. 1. Arithmetically averaged power density of AKR for low-
and can thus almost always observe AKR no matter where ifequency AKR events (LFAKR) plotted as a function of frequency,

the auroral region the em_issions are Iocgted. PO'?“ a|30.h3@otained from Polar PWI measurements. Solid line corresponds
the UVI camera for checking the connection to optical emis-to winter months (November-February) and dashed line to sum-

sions. The drawback of Polar is that when it observes AKRmer months (May-August). Most of the plot corresponds to normal
with PWI and auroral UV emission with UVI, the space- AKR, while LFAKR contribution is seen in the frequency range
craft almost never resides on auroral field lines. In other30-50kHz. Power in the range 10-15kHz is not AKR but due to
Wordsy Polar almost never sees its own footprint. ThereforeyVhiStler wave activity since its frequency is below the local elec-
in Sect. 4 we use Interball Auroral Probe data to complemenion gyrofrequency. The peak at 25kHz is due to a single strong
Polar. Interball provides in situ wave and AKR data from dOtAKR eventat this frequency (18 November 1996, 14:37 UT).
within close vicinity of the AKR source field lines.

is consistent with previous studiedg( Feraudy et 312001,
3 Seasonal properties of LFAKR Hanasz et a]2001).
For the 149 LFAKR events mentioned, we determined
We have analysed all Polar PWI data to find LFAKR signa- the boundaries of significant 30-50 kHz emission manually.
tures. The data set starts in early March, 1996, and ends o@ver these times, an arithmetic average of the PWI SFR-A
15 September 1997, thus it covers two summers and one wirelectric power density was carried out. Winter month events
ter season in the Northern Hemisphere. The search used th@lovember—February) and summer events (May—August)
following automated criteria: were averaged separately and events which occurred in
March, April, September or October (equinox events) were
1. Polar must be in the nightside magnetosphere (18:004gnored. The number of winter events was 47, the number of
06:00MLT) at larger than Ry radial distance, to  symmer events 23, and the number of ignored equinox events
be sure that we are above the generation altitude of7g_ since the data set covers three equinoxes, one winter and
LFAKR. two summers, the numbers indicate that LFAKR events are
about equally common in winter and equinox 12 events
per month), but more rare during summertime3 events
per month). Notice that there is an equal number of sub-
3. The electric spectral power somewhere in the 30-Storms in summertime and wintertime (since substorms are
50 kHz frequency range must exceed 39(V/m)2/Hz. global and when one hemisphere is in winter the other is in
summer), so the reason for the rarity of LFAKR events dur-
The resulting events were then manually checked for datang summertime must reflect some change in the local plasma
errors. We also checked that the local gyro and plasma freenvironment rather than a lack of a suitable magnetospheric
quencies were lower than the LFAKR frequency. The searctdriver during summertime. We shall give a possible explana-
yielded 149 LFAKR events, 62 of which occurred with UVI tion for this anomaly in the Discussion section. The result-
data which was also available. Of these 62 events, 59 weréng time-averaged power density during LFAKR is shown
associated with a clear auroral breakup as determined fronm Fig. 1, where the solid line is for winter months and the
UVI. The good correlation of LFAKR with auroral breakups dashed line for summer months.

2. For AKR the E/B ratio is equal ta, thus we required
that E/B<5x10% m/s as measured by PWI SFR-A.
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Fig. 2. Same as Figl but plotted as a function of AKR source
radial distance.
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Fig. 3. Example of the radiospectrogram (in units of Jansky) of
a dot-AKR event obtained on 14 December 1996 with the Plasma
In Fig. 2 we show the same data but now the horizontal Wave Instrument (PWI) on Polar. The dot-AKR (red arrow) is seen
axis is the radial distanc® of the generation region instead Nnear 10:00 UT at frequencies of 25-55 kHz.

of the measured frequency. The frequency has been turned
to radial distance by assuming that the magnetic fiel& at
equalsB=50000nT/ (R/Rg)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 Figoncern-
ing high frequency AKR. The lowest AKR emissions occur
at 1.5R 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 lowk ,(K, <2, mostly non-substorm
intervals) and highk ,(K ,>2, substorm-rich intervals) oc-
currence frequencies of electric potential miniMdar(hunen
et al, 20048 and auroral density depletion¥aphunen et al.
20023. Indeed, it has been known for a long time that the
acceleration region altitude depends on the seaBenr{ett
et al, 1983. More recentlyKumamoto 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 emissionsg
is the lowest during wintertime solar minimum conditions.
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)f:ig. 4. Example of the radiospectrogram (in units of Jansky) of
LFAKR event obtained on 28 January 1997 with the Plasma Wave
Instrument (PWI) on Polar. The event boundaries are marked with

Next, we manually classify the PWI events in dot-AKR red vertical lines. In this paper we use the definition that all smooth
and non-dot events which we call smooth low-frequencyAKR emissions below 100kHz are smooth low-frequency AKR
AKR (SLFAKR) events. Dot-AKR events are those where (SLFAKR).

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 SLFAKR event. Figurés shows the histogram of the source

form a discernable dot or island. Figuseshows an exam-

ple of a dot-AKR event and Figl shows an example of a for dot-AKR and SLFAKR events.

region radial distanc& as determined from the frequency
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.Fi 2 Footorints of Interball Auroral Probe maganetic field lines at

The quantity shown by the horizontal axis is the radial dis- 9. 7. MoOIpris of Tnterball Auroral Frobe magnetic he esa
. - L times of dot-AKR (dots) and SLFAKR (crosses) events.

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 o0 of a) normal AKR that extends for some reason to

events, a cumulative sum up to the low cutoff frequency is|qyer frequencies than usually (for example, by increased
shown in the SLFAKR panels, i.e. basically all altitudes be- ionospheric plasma density) and b) transient dot-AKR events

low the cutoff emit AKR in the SLFAKR case. We see that g nernosed together so that their underlying “dot” character
the dot-AKR events occur at higher altitude during summer- .o nnot be discerned from the data.

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-4  |Esp wave measurements near source region of dot-
thy. The application of Studentistest shows that the prob- AKR and SLFAKR

ability that the mean altitudes during summer and winter are

truly different is 85%; in other words, the probability that the \ye selected dot-AKR and SLFAKR events where the Inter-
difference is accidental is 15%. ball Auroral Probe footpoint is within an auroral bulge as

The distinction of LFAKR events into dot-AKR and judged from Polar UVI images. The events span the time in-
SLFAKR is necessarily somewhat subjective and also deterval 5 December 1996 until 9 December, 1997. An exam-
pends on the time resolution of the data (recall the pheple is shown in Fig6. Again, the events were classified as
nomenological definitions from the fourth paragraph of the dot-AKR and SLFAKR events, yielding 29 dot-AKR and 15
Introduction). Concerning possible physical mechanisms reSLFAKR events. Figur& shows the MLT and ILAT of each
sponsible for the phenomenological emission types dot-AKRInterball dot-AKR event (dots) and SLFAKR event (crosses).
and SLFAKR, our opinions are the following: 1) There is In accordance with earlier studies, the events mainly occur
some specific transient physical mechanism which is responin the premidnight MLT sector which is typical for auroral
sible for dot-AKR. 2) The observed SLFAKR is a combi- bulges Hanasz et a|2001).
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The dot-AKR and SLFAKR events are summarised in Ta- 7 Interball Auroral 19961211

bles 1 and 2, respectively. For each event we list Interball e b s L o0
=i ; : ERiii=a

104 ¥

radial distance, MLT, ILAT, the frequency range of the emis- He 8
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. Hz

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 panelv,
(c) their ratio (theE /B ratio). Notice that in the magnetic &
component there is rather high instrument noise level, so the = A
E /B ratio in panel (c) is meaningful only when clear discrete . ‘ et S —— 105
wave emissions are seen in panel (b). At times marked with 1300 L0 1320 a0 o
an arrow there is an artificial calibration signal from another 2045 209 21ds 219 In&f
wave instrument (NVKONCH), so signals seen at these times ' '

do not correspond to physical waves. Fig. 8. Dot-AKR example event 11 December 1996 with IESP
and POLRAD data, showin@) electric IESP wave amplitudéh)
magnetic IESP wave powe) the E/B ratio from IESP andd)
. . POLRAD AKR data. Atrtificial signals are shown by arrows. The
The frequency range con5|dered_ (0_.2—10 Hz) is w_eII pe'intensityin panel (d) is in Jansky (1 3y10-26W m—2Hz~1). The
low the proton gyrofrequency, which is about 20 Hz in this \etica) axis in panel (d) is the radial distance corresponding to the

case. Tf]US. the waves seen COU'q in princip!e be eith?fAKR frequency assuming the frequency corresponding to the lo-
shear Alfien waves, fast magnetosonic waves or ion acoustical electron gyrofrequency. The dot-AKR seen at 13:18-13:20 at

waves. Further, if there is significant helium or oxygen con-~3 R radial distance (45-70kHz) occurs together with electro-
tent, oxygen or helium cyclotron and Bernstein modes couldmagnetic low-frequency wave activity. Dots at 13:02, 13:07-13:08
also exist in this frequency range. lon acoustic and Bernsteind 13:10-13:12 are not associated with low-frequency waves. No-
waves have no significant magnetic component. Fast magtice that perfect temporal correlation is not expected because AKR
netosonic waves would have wavelengths of the order of arffn Propagate from remote sources; see Subsect. 6.2.

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- quency, m,. the electron mass anal the electron density
servation that the waves are seen only on certain field lines(Stasiewicz et al.2000. At 13:19, where the dot is seen
Thus, the waves are likely to be shear (inertial) Alfwvaves.  in Fig. 8, the background magnetic fiel#p~13 : 00 nT, so
Such waves have been extensively discussed in the literapa=3x 10’ m/s if the plasma density is=1 cm 3 and the
ture for their possible role in accelerating auroral electronsplasma consists of protons only. To get an idea of how sen-
(Hasegawal976 Hui and Seyler1992 Lysak and Lotkg  sitive the result is to different parameters, consider that since
1996. The perpendicular wave electric and magnetic fieldwe are likely to be inside the auroral cavity, the density might

(VIm)/sqrt(Hz)

T/sqrt(Hz)

[rrrrrrrrd

¢'\\\\‘\\¢\\'\\\\

._.
o

%

m/s

Jy

4.1 Wave mode seen in IESP data

ratio, £, /B, , of inertial Alfvén waves is be only 0.1 cm3. This would increase, to 18 m/s, mak-

E ing most waves during the wave bursts in FggAlfv énic.
=t var/ 1+ kixg, (1) If the waves have a small perpendicular scale, even higher
By E, /B, ratio waves may have an Alénic character. For

wherewv,=Bo//fiyp is the MHD Alfvén speedk, the ~ example, fori=0.1cm3, A,=17km. If the perpendicular
perpendicular wave number,=c/w,, the collisionless skin wavelength at the ionospheric footpoint is as small as 2 km,

depth,w,.=y/ne?/(eom,) the electron plasma angular fre- it is 12km at Interball altitude, in which ca§é1+ki)\§%9,
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Table 1. Interball dot-AKR events.

Event R/REg MLT ILAT Dot Freq GenR/Rg E/B
12 November 1996 13:6413:02 3.1 20.5 66.0 75100 2.4-2.7 —/—
12 November 1996 13:6713:08 3.2 20.8 68.2 65110 2.3-2.8 —/—
12 November 1996 13:0913:11 3.3 20.9 68.6 70110 2.3-2.7 —/—
12 November 1996 13:1813:20 3.4 21.4 69.6 4570 2.7-3.2 E/B
12 November 1996 18:4418:55 3.1 21.2 71.2 80200 1.9-2.6 E/B
12 November 1996 19:6019:01 3.3 22.0 72.5 6085 2.5-2.9 —/—
12 November 1996 19:3519:36 3.8 23.9 73.2 65160 2128 —/—
12 November 1996 19:3719:38 3.8 0.0 73.1 5570 2.7-2.9 —/—
12 November 1996 19:5519:56 3.9 0.7 72.3 6590 2.5-2.8 —/—
16 December 1996 15:315:11 3.7 22.2 71.3 4055 2.9-3.3 —/—
16 December 1996 15:135:15 3.7 22.3 71.4 5070 2.7-3.0 E/B
16 December 1996 15:585:57 4.0 0.0 70.8 5070 2.7-3.0 —/—
16 December 1996 16:64.6:03 4.0 0.2 70.6 5070 2.7-3.0 —/—
16 December 1996 16:0416:08 4.0 0.4 70.2 5070 2.7-3.0 E/B
16 December 1996 16:116:13 4.0 0.6 69.8 3050 3.0-3.6 E/B
18 December 1996 18:5719:03 3.4 21.7 73.5 55100 2.4-2.9 —/—
18 December 1996 19:18.9:32 3.7 23.1 73.8 45130 2.2-3.2 E/B
19 December 1996 16:30.6:31 4.0 22.1 69.6 4050 3.0-3.3 E/?
2 February 1997 16:1916:22 4.0 22.0 69.5 40100 2.4-3.3 E/?
2 February 1997 16:2316:25 4.0 21.3 69.1 60100 24-29 E/?
2 February 1997 16:2616:28 4.0 21.4 68.8 60100 24-29 —1?
9 October 1997 18:2318:26 35 20.8 75.5 80140 2.2-2.6 E/?
9 October 1997 18:3418:38 3.6 215 75.1 45120 2.3-3.2 E/?
9 October 1997 18:4318:44 3.7 21.9 74.7 95145 2125 E/?
9 October 1997 18:4918:51 3.8 22.2 74.3 4575 2.7-3.2 E?
9 October 1997 19:0219:09 3.9 22.7 73.2 4090 2.5-3.3 —1?
9 December 1997 15:0315:04 35 22.0 70.3 7590 25-2.7 —/—
1 November 1997 18:2218:23 3.7 22.6 63.7 60 2.9 —I?
1 November 1997 18:2218:23 3.7 22.6 63.7 30 3.6 —1?

Table 2. Interball SLFAKR events.

Event R/REg MLT ILAT Dot Freq GenR/Rr EIB
5 December 1996 12:1712:18 31 20.9 67.5 166330 16-2.1 —I—-
5 December 1996 12:1912:22 3.2 21.0 68.1 110230 1.8-2.3 —I-
5 December 1996 12:242:26 3.3 21.3 69.0 75240 1.8-2.7 —I/-
10 December 1996 19:4819:56 3.3 22.2 735 60250 1.8-2.9 E/B
22 December 1996 10:6200:08 3.6 20.6 73.0 55110 2.3-2.9 E/?
28 January 1997 20:3120:49 4.0 221 72.3 50160 2.1-3.0 —?
9 February 1997 16:0416:08 4.0 20.5 70.2 85110 2.3-25 —I?
9 February 1997 16:2316:27 4.0 21.0 68.4 90180 2.0-25 E/?
15 February 1997 16:0416:15 3.9 18.9 79.6 70170 2.0-2.7 —?
15 February 1997 11:0011:06 4.0 0.1 725 50130 2.2-30 E/?
9 September 1997 11:681:20 4.0 0.5 715 50110 2.3-3.0 E/?
15 September 1997 16:5a7:00 4.0 11 68.0 60300 1729 E/?
21 September 1997 17:207:14 4.0 0.0 70.0 60130 2229 E/?
8 October 1997 07:1908:29 3.13.9 17.4-21.2 69.6-74.3 80-550 1.4-2.6 E/?

27 October 1997 22:1522:50 3.5-3.9 22.8-23.3 64.8-70.3 65-700 1.3-2.8 E/?
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available. Under this assumption, all our data are consistent
with the interpretation that the wave bursts are Alic or
contain a mixture of Alfén 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.

T/sqrt(Hz)

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

E/B

m/s

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

g ‘

w
1

6 Discussion

RIR_E
Jy

e TR

: 6.1 Seasonal shift
: A _E%g.'; = = e =
16:10 16:20 16:30  UT
4 4.012 4.004 3978 R

0.5763 0.8898 1.18 MLT
70.6 69.9 69.2 68.31 ILAT

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

Fig. 9. Same as Fig but for 16 December 1996. Here the magnetic a€ raised to higher altitude when the underlying ionosphere
amplitude of the low-frequency waves is stronger than in the 11iS sun-illuminated Qlsson and Janhune®003. A similar
December event (Fig) and, consequently, thE/B ratio (panel  trend is typically seen both when the data are binned accord-
(c)) is smaller. Therefore, the correspondence between waves anifhg to the footpoint illumination condition and according to
dot-AKR is most easily seen by comparing panels (b) (magneticthe season (summer/winter months). In the auroral density
amplitude) and (d) (dot-AKR). The dot seen at 16:12-16:13 at 3-depletions the radial shift is about5Rg (Janhunen et al.
3.6Rg radial distance (3050 kHz) occurs (partly) simultaneously 20023. The existence of a seasonal shift is itself not a new
withnlow-frequency waves, while the dot at 16:00-16:03 does nOI'resuIt, but if a new parameter displays a similar shift, the in-
Again, because AKR can propagate from remote sources, perfeqication s that the parameter is somehow physically related
correlation is not expected. 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.

factor / 1+k% 22 and thus theE /B, ratio increases with The seasonal shift seen in the altitude of dot-AKR emis-
frequency. The other event (Fig) shows similar behaviour; sions is more interesting. It indicates that the dot-AKR emis-
there the satellite is at higher radial distance and the backsions probably are related to plasma density and/or static
ground magnetic field is-1.7 times smaller than in Fig. electric field structures~1.5Rr above the bottom of the
Thus, we conclude that the data are consistent with the interacceleration region. A corresponding shift is not seen in
pretation that the wave bursts in these examples are inertigsLFAKR emission altitude, but the amount of data we have
Alfvén waves. In the events where we do not have the magis not sufficient for discussing possible reasons for this.

netic wave component measured, we obviously cannot make It is interesting that the dot-AKR events are less common
judgements about the Alénic character. However, the most during summertime than during equinox and winter. The
natural assumption is that these low-frequency events behawdifference is not likely to be in the strength of the magne-
similarly to those where magnetic field measurements ardgospheric driver, but in the local plasma conditions. During

giving the E| /B, ratio a value of almost £0 Thus, with
this last set of parameters, almost all waves present irgFig.
panel (c) would be Alfénic. The factthatth&, /B, ratioin
panel (c) of Fig8 increases with frequency is consistent with
the interpretation that these are inertial Afvwaves: usu-
ally one can assume that increases withw and if so, the
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summertime the plasma density is higher and deep cavities
are less commonJanhunen et gl20023. 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 Calveri979 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 (Fifj0). Let AR denote the ra-
dial distance difference between Interball and the emission
region. The AKR emission cone width is of the order of
45°, so the radiation may travel a perpendicular distance
which is comparable t&AR. The median value oA R for
the dot-AKR events of Table 1 is 0.8%, i.e. 5400 km per-
pendicular spacing aR~3.7Rg 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. about78®¥?~7. Thus, Inter- _ o
ball may start seeing dot-AKR emission when its footpoint Fi9- 10. The dot-AKR generation region (circle) may send AKR to
is 540072800 km away from the footpoint of the dot-AKR any of the d.eplcted Interball positions, although the Aﬁwaves
. . robably exist only on the flux tube of the generation region; thus,
emission region. We have selected out events so that the fOOFﬁe satellite need not necessarily detect Aifwvaves when it de-
point of Interball is within the auroral bulge as seen by UVI tects dot-AKR even if Alfién waves and dot-AKR always occur
and this may actually limit the perpendicular distance to thetogether.
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 If the perpendicular wavelength is not too smalij, <1
it that contain the most active and bright auroras contain the, 4 e haveE|/E, ~wk 32 /vs. Since vy~1//n and
strongest Alfen waves. Taking all of this together, we think 22~1/n, the density dependeence s, i.e. Ey/EL grows

that the fact that waves are seen in about 50% of the cas€gi, gecreasing density. Thus, if an Alia wave with suit-

Is not unexpec_:ted an_d IS conssten'g with the a_ssumpuon thaéblekl enters a density cavity, its parallel electric field com-

such waves might exist in all cases if the sc_';\telhte were on theponent increases. This is one mechanism by which the dot-

same field line as the dot-AKR source region. AKR emission may occur: if there is a pre-existing den-

6.3 _How Alfvén waves could accelerate electrons in a cav-tski]tg rcn?étr{eitggopfz\; nghtﬁesggpagll Qlffgmvgz\ézn?nﬁ; ftr)c;:ome
"y large enough inside ,the cavity that electrons are accelerated

dispersion relation of an inertial Alan wave is fact that statistically, the auroral cavity occurrence frequency
r peaks at the same radial distance 2R¢5(Fig. 11, bottom
W= ] 2) panel; we do not consider the prominent 4R75 feature
J1+ kixg now) where the dot-AKR emissions usually originate (/Big.
L ) . i i panel (b)). Notice that Figl1 shows only cases where the
(Stasiewicz et a).2000) if one ignores ion Larmor radius underlying Polar satellite footpoint is not illuminated by the
effects. The£ /E, ratio of the wave is Sun, which corresponds to the majority of the cases where
E| k”kgﬁ dot-AKR is found, i.e. winter months (Fi§, panel (b)). No-

E, 141252 3) tice also that with Polar/PWI, one cannot determine which
_ L%e o . flux tubes are emitting the AKR, so the footpoint illumina-
Solving Eq. @) for k and substituting in Eq 3] yields tion condition based method could not be used in Bigut
E kA2 the month-based method is the only possibility. Figlte
I wk 1 Ay . .
T rEETI 4) was produced by using the same Polar electric field data
L vy J14+K222 and analysis methods that are describedifyhunen et al.
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EFI/SCpot MLT=18..02, ILAT=65..74, Darkness taing the arc stops, electric fields and AKR emissions cease
b b b b | quickly in the electron time scale, but the cavity remains for
70- ~10min because it can be filled only in the ion time scale
oy (a “dead” cavity). Because the plasma that refills the cav-
40- ity comes mainly from the ionosphere, the lower part of the
30- cavity disappears more rapidly. Thus, dead cavities are on
N the average found at higher altitude than live cavities. Since

only live cavities emit normal AKR, it follows that the nor-
E mal AKR emission altitude is lower than the most common
05 cavity occurrence altitude (the latter contains both live and
] dead cavities). In our scenario, the A4fvmechanism works
E equally well for live and dead cavities and thus no statistical
013 —= distortion in the generation altitude of the dot-AKR emission
is expected with respect to the peak cavity occurrence. This
B e IS B B s o 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 2.7Rg.
Another mechanism for accelerating electrons involving a
density cavity and Alfén wave has been proposed bgret
et al. (2000). In their model the important factor is the per-
] pendicular gradient at the boundary of the cavity. In both
SOSORARARA RARARRRARARES i mechanisms the result is an increase of the parallel elec-
0.07- tric field component because of the cavity. ThénGt et
0.06 1 al. (2000) mechanism is, however, related to the simpler one
0.05 . . . . .
0.0a described above, since their model obeys a relationship ap-
0.03 proximately similar to Eq.3) but with the density gradient
ool length at the cavity boundaiil/n)|Vn| substituted fok .
[ { o I A S - e A A I S In their studies of the detailed temporal behaviour of the
2 3 4 5 6 R WBB-AKR, de Feraudy et al(2001) and Hanasz et al.
(2001 found that in many cases the onset of the emission
Fig. 11. The cavity occurrence frequency féf,>2 (i.e. times  propagates so quickly in frequency space (or, equivalently,

when substorms are common)_ in the evening and midn@ght sectorf, altitude space) that only an Alénic process is capable of
(18:00-02:00 MLT) for three different spacecraft potential thresh-driving it. This is further evidence that Alen waves must
olds using Polar/EFI data (three lower panels), and the orbital cov-

erage (top panel) when the ionospheric footpoint is not iIIuminatedplay arole in explaining the dot-AKR.
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/ Conclusions

of time the given condition is fulfilled; it is thus a number between ) _
0 and 1. For more details, see Janhunen et al., (2002a). With an underlying assumption that the cyclotron maser

mechanism is the final step producing all types of AKR, we

propose that Alfén waves hitting a pre-existing deep den-
(20023, and shows only results fdt,, values larger than 2  sity cavity are the mechanism specifically generating the dot-
to make the data set more representative for substorm periAKR emission. In dot-AKR generation, electrons are tran-
ods. In Fig.11 bottom panel, another cavity island (enhanced siently accelerated in the parallel direction since the parallel
occurrence frequency of low plasma densities) is seen at higllfv én wave electric field is locally enhanced due to the low
altitude at 4.7 radial distance, i.e. the cavity occurrence plasma density found in a deep cavity. This interpretation
frequency has a double-peaked structure. The physical exs consistent with both statistical results (wintertime, i.e. low
planation behind the 4.78r feature is completely different density preference for dot-AKR) and individual events (re-
from what we are considering here and therefore the disdation of dot-AKR to substorm onsets and simultaneous ob-
cussion of the 4.7Ry feature is given elsewherdanhunen  servation of Alfen waves). Thus, the dot-AKR mechanism
et al.(2004h), see alsWygant et al(2002. is different from normal AKR, which is thought to be gen-

The normal AKR originated from altitudes below the peak erated by non-transient potential structure type electron ac-

of the cavity occurrence, as seen by comparison of Figuregeleration (or Alfienic acceleration caused by non-transient
2 and11. A reason for this may be found in the tempo- Alfvén-waves; the question as to what extent potential struc-
ral evolution cycle of auroral cavitiedgnhunen and Olsspn ture and Alfiénic acceleration can be distinguished at low
2002h. When the process causing an auroral arc begins, altitude is somewhat uncledrysak 1998). The term “nor-
cavity starts to form (a “live” cavity). If the process main- mal AKR” here does not include wide band bursts of AKR
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(Hanasz et aJ.2001) which are probably transient Alénic Gurnett, D. A., Persoon, A. M., Randall, R. F., Odem, D. L., Rem-

in origin; their relationship to normal AKR and dot-AKR ington, S. L., Averkamp, T. F., Debower, M. M., Hospodarsky, G.

remains a topic for future research. If this interpretation is B., Huff, R. L., and Kirchner, D. L. etal.: The Polar Plasma Wave

correct, the dot-AKR emission acts as a remote diagnostic [nstrument, Space Sci. Rev., edited by C. T. Russell, Kluwer
indicator for transient Alfén-wave induced electron acceler-  Acad-, 71, 597_6_22’ 1995. _

ation in deep cavities. Although the dot-AKR phenomenon Haseg_awa, A.: Particle acceleration by MHD surface wave and for-
has thus far been reported only in the Earth’s magnetospher(?_i mation of aurora, J. Geophys. Res., 81, 5083-5090, 1976.

in orinciole th hani d al K in oth | ashimoto, K., Kudo, S., and Matsumoto, H.: Source of auroral
principle the mechanism could also work in other plane- myriametric radiation observed with Geotail, J. Geophys. Res.,

tary magnetospheres. 103, 23475-23 483, 1998.
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