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Abstract. Broadband waves are common on auroral field ELF) waves (e.g. Knudsen et al., 1998). The waves have
lines. We use two different methods to study the polarizationbeen shown to be important for large-scale phenomena, such
of the waves at 10 to 180 Hz observed by the Cluster spaceas ionospheric ion outflow (e.g. Aredland Yau, 1997). How-
craft at altitudes of about 4 Earth radii in the nightside auro-ever, there is no consensus either concerning the identifica-
ral region. Observations of electric and magnetic wave fieldstion of the wave mode(s) involved, or concerning the wave
together with electron and ion data, are used as input to thgeneration mechanism(s).

methods. We find that much of the wave emissions are con- Previous studies of broadband emissions by sounding

sistent with linear waves in homogeneous plasma. Observegbckets and the Freja satellite at altitudes up to 1700 km
waves with a large electric field perpendicular to the geo-suggest that the broadband emissions are sometimes Elec-
magnetic field are more common (electrostatic ion cyclotrontrostatic lon Cyclotron (EIC), lon Acoustic (IA), slow ion
waves), while ion acoustic waves with a large parallel electricacoustic waves (Bonnell et al., 1996; Kintner et al., 1996;
field appear in smaller regions without suprathermal (tens ofwahlund et al., 1998) or Doppler-shifted low frequency dis-
eV) plasma. The regions void of suprathermal plasma are inpersive Alfven waves (Stasiewicz et al., 2000; Lund et al.,
terpreted as parallel potential drops of a few hundred volts2001; Stasiewicz and Khotyaintsev, 2001). A recent study

by Backrud et al. (2004) uses new methods and extends ear-
Keywords. Magnetospheric physics (Auroral phenomena; Iigripve;tigatioqs to highgrgltitudes. Using assumed p.art'icle
Electric fields; Plasma waves and instabilities) distributions, this study indicates that broadband emissions
observed by the four Cluster spacecraft at altitudes of 4-5
Earth radii Rg) are often well described as electrostatic lin-
ear waves in a homogeneous plasma, and are a mixture of
wave modes labeled with different names.

In the present study of Cluster observations we consider
t

they can efficiently redistribute energy between particle pop- € observed polarization of the broadband waves, together

ulations. These waves may have frequencies from below on(\é"ith arealistic _plasma model bqsed on p_arti_cle observations,
up to at least several hundred Hz, thus covering characteridnstead of earlier assumed particle distributions (Backrud et

tic frequencies, such as the ion gyrofrequencies. Broadbanal" 2004). Two wave analysis methods, involving different

waves have been observed earlier by a number of Sate”itegpproximations and assumptions, give consistent results con-

and rockets in the auroral region (e.g. Gurnett et al., 1977,Cerning the wave mode identification. ‘We find that much

Wahlund et al., 1998; Kintner et al., 2000) and are some-0f the broadband emissions can be identified as a mixture

times called BroadBand Extremely Low Frequency (BB- of ion acoustic, electrostatic ion cyclotron and ion Bernstein
waves, all of which in linear theory of waves in a homoge-

Correspondence tadvl. Backrud-lvgren neous plasma can be described as different parts of the same
(marie@irfu.se) dispersion surface (Andr 1985). lon acoustic and oblique

1 Introduction

Broadband waves in the magnetosphere are important sinc%
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ion acoustic waves have also been identified by using interwe consider in detail data from the EFW double-probe elec-
ferometry (Backrud et al., 2005). tric field and wave instrument with two pairs of probes in
A new result is that ion acoustic waves occur only in rela- the spin plane of each satellite (Gustafsson et al., 1997), to-
tively small regions without suprathermal (tens of eV) elec- gether with observations from the FGM fluxgate (Balogh et
trons. This observation is consistent with textbook plasmaal., 1997) and the STAFF search coil (Cornilleau-Wehrlin et
physics, stating that even low density cold Maxwellian elec-al., 1997) tri-axial magnetometers, the CIS iore(Re et al.,
tron distributions can damp ion acoustic waves (e.g. Bram-1997) and the PEACE electron spectrometers (Johnstone et
billa, 1998). This explains both why ion acoustic waves canal., 1997). The sampling rates (filters) used during the events
occur in the auroral region at all, and why they are relativelywe consider here are for EFW and STAFF 450 Hz (band-pass
rare. between 10 and 180 Hz), and for FGM 67 Hz. To be able to
The regions void of suprathermal electrons are interpretedstudy the wave polarization of broadband waves above 10 Hz
as structures with potential differences of a few hundred voltswve have selected events where the spacecraft instruments are
along the geomagnetic field, accelerating electrons downin burst-mode. Also, we have selected regions where the an-
wards and stopping cold ionospheric electrons from reachingle between the geomagnetic field and the spin-plane of the
Cluster altitudes. Similar regions are often labeled “inverted-spacecraft is small. This enables an estimation of the elec-
V” structures at lower altitudes. Janhunen et al. (2004) condric field wave components, both perpendicular and parallel
cluded from Polar data that quasi-static potential structuredo the geomagnetic field.
do not extend up to altitudes off. However, in the region
of upgoing electrons (the return current region) Marklund et
al. (2004) used Cluster data to confirm quasi-static potentiaB Wave and electron observations
structures at these altitudes. In their case particle data indi-
cated that the observations were made above the acceleratidie event in this study is from 14 February 2003 when the
region. In the context of our study, the structures CausingCluster fleet crossed the auroral magnetic field lines at an al-
the downward electron acceleration are important since theyitude of 4.2Rg in the Northern Hemisphere &t0.8 MLT.
give rise to conditions favourable for IA waves. In this study we show data from spacecraft 1, 2 and 4 while
Generation mechanisms suggested for broadband wavexpacecraft 3 arrives much later. The spacecraft were con-
include particles streaming along the geomagnetic field. Ondigured as pearls on a string with velocity vectors for all
possibility is the so-called ion-ion instability, where ion pop- three spacecraft almost perpendicular to the ambient mag-
ulations drift relative to each other in a field-aligned potential N€tic field, with a speed of approximately 4-5km/s. The
drop and create instabilities (Bergmann et al., 1988; Gray efeparation between the spacecraft was a few thousand km.
al., 1990). Another possibility is electrons drifting relative ~ Figure 1 shows 40min of data between 14:13:00-
to the ions (often described as a current when low energyl4:53:00 UT for Cluster spacecraft 4 (C4). Panels (a) and
electrons cannot be observed directly by particle detectors)(P) display the perpendiculasif ;) and parallel {E;) com-
Kindel and Kennel (1971) suggested that current instabili-Ponents of the electric field, and panels (c) and (d) show their
ties excite parallel IA and oblique EIC wave modes. They Power spectral densities calculated by using standard FFT. In
showed that the angle of propagation for the unstable wave#his study we focus on waves well above the gyrofrequencies,
depends on the ratio of the electron and ion temperaturedvhich are 7.6 Hz (H) and 0.47 Hz () for this event. From
T./T;. Ganguli et al. (2002) showed that a transverse gra-Particle data we estimate the abundance of protons to be one-
dient in the plasma flow velocity can increase the parallelthird, and O to be two-thirds of the total density of 5 cth
phase speed of an ion acoustic wave and sufficiently reducgstimated from the observed plasma frequency. The lower
ion Landau damping. This will reduce the threshold currenthybrid frequency is then calculated to be 160Hz. There
for the current driven ion acoustic instability. Wahlund et are three larger regions with broadband emissions (14:14-
al. (2003, and references therein) suggested that field-aligne#?#:19 UT, 14:25-14:36 UT and 14:43-14:51 UT), where
currents associated with low-frequency Afvwaves has can  SE. is larger tharSE;; most of the time. There are two short
trigger ion acoustic waves. Using a realistic plasma modellime intervals wheréE, is in fact larger thadE, (around
including several particle distributions, we find that in the 14:31:00 UT and 14:44:00-14:46:10 UT), with N peak-to-
cases we have studied, field-aligned electron beams with erReak amplitude up to 100 mV/m. The waves appear in bursts

ergies of about hundred eV can generate the observed wavednd last for a fraction of a second up to one second, in this
event, which is typical for waves wi#E;|/§E >1 on auroral

magnetic field lines at these altitudes (see also Backrud et al.,

2 Instrumentation 2004).
Panel (e) in Fig. 1 shows upgoing electrons while panel (f)

Cluster is a four-satellite mission for detailed studies of theshows downgoing electrons. The black region between
terrestrial magnetosphere (Escoubet et al., 1997). The 0rt4:30:00-14:30:40 UT is a data gap. It is possible to dis-
bits are approximately polar with a pergiee oR4 and an  tinguish a typical structure in both upgoing and downgo-
apogee of 19.®;. The satellites spin at 15rpm in a plane ing electron energy spectra from the PEACE instrument
essentially coinciding with the GSE x-y plane. In this study during the two time sequences whég/SE; >1 (around



M. Backrud-Ivgren et al.: Broadband waves in the auroral region 3741

[myim]

[m¥#m]

[Hz]
[([mvmIfHz]

[([mv/mIfHz]

=
=
[}
=
2 "
(=
Pl g
23, @
i “E
o
2
or
| | G
) =0 | Ll —
hlua i a A )
I T T L
=
‘
i it o
. w
— [*]
5% :
2.9
i} “E
g
o
g
o

Fig. 1. Data observed by Cluster spacecraft 4 during a crossing of an auroral magnetic field line: electric field (10-180 Hz) perpendicular
(panelA) and parallel(B) to the ambient magnetic field; spectra of perpendic(@rand parallel(D) electric field; energy spectra of
downgoing(E) and upgoing(F) electrons. Waves with a large parallel component of the electric field are found in regions without cold
electrons. The H gyrofrequency and the lower hybrid frequency are 7.6 Hz and 160 Hz, respectively.

14:31:00 UT and 14:44:00-14:46:10 UT). There are essenlower altitudes are often called “inverted Vs” because of their
tially no suprathermal (tens of eV) electrons observed and th@ppearance in energy-time electron spectrograms. Potential
high-energy (keV) electron flux is increased. These observaminima have been observed by the Polar spacecraft (Jan-
tions are consistent with the hypotheses that the spacecraft lsunen et al., 2004) at altitudes of 4R@. However, the
flying through a potential structure where the electrons aboveuthors’ interpretation of these observations was that the po-
the spacecraft are accelerated downward and the suprathaential minima probably were temporally evolving structures
mal ionospheric electrons below the spacecraft could notreated by low frequency Alen waves. As will become
penetrate the barrier at the bottom of the potential structure.clear later, for our detailed wave study, the lack of suprather-
Electron observations consistent with quasi-static potenmal electrons is interesting, while the exact cause of the ob-
tial structures have, to our knowledge, not been reportedserved particle distributions is not essential.
from altitudes around 4-Bg. Such structures observed at
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. PEACEckchonsOdey direction and C2 leading C1 by 3000 km, also mainly in the
, T all ' Z,se direction. The satellite velocity vectors are nearly per-
pendicular to the geomagnetic field with a speed of 4-5 km/s.
Cluster spacecraft 3 is not shown in this study because it is
far behind (15000 km behind C1, corresponding~témin
calculated with the plasma drift velocity, see below).

Figure 2 shows downgoing electrons from the three lead-
ing spacecraft. One of the observed acceleration regions
mentioned in Fig. 1 is now in highlighted Fig. 2 with an ar-
row (panel a). The region starts at 14:31:00 UT, (right after
a data-gap, black region) and lasts for 35-40s. Panel (b)
shows a similar region between 14:33:00-14:33:35, where
essentially no suprathermal (tens of eV) electrons are ob-
served while the high-energy electron flux is increased. We
also interpret this to be an acceleration region (seen by C2)
but it is not as obvious as in C4. However, by looking care-
fully through the time sequence, this region (pointed out
with an arrow) is the only sequence without cold electrons
: and with an increase in the flux of higher energy electrons.
! The time difference between the observations of the acceler-
Ii' ' 1) G s ation regions by C4 and C2 is 120s. This implies a plasma

il A ' drift of approximately 35km/s in the,z, direction, assum-

| I.‘I Qi | |l JHU‘ il ° ing that the acceleration region is spatial and flowing over

o SRR IETR R L) 18 L -5 the spacecraft. Also on C1 it is possible to see a similar

14-Feb-2003 region (panel c, pointed out with an arrow) at 14:34:20—

14:34:55 UT, which we again interpret to be an acceleration
region. It is observed 80 s after it was detected by C2, which
implies that the same speed and direction of the plasma drift
is needed between C2 and C1 to observe the same region.

The needed plasma drift is consistent with tHe& B drift

estimated from the EFW and FGM instruments of approxi-

To estimate3E,, in Fig. 1, we have assumed that the an- mately 30—40 km/s.
gle6 between the ambient magnetic field and the spin-plane  oyr interpretation of the electron observations is that the
of the spacecraft is small, i.6<23, during the 40min of  5cceleration region, observed at this passage at an altitude of
data. In the two regions where emissions with lai§g are 4 R is spatial, flowing over the spacecraft with the plasma
detected (around 14:31:00 UT and 14:44:00-14:46:10 UT) it and is stable over at least a couple of minutes. Similar
6<8°. For this type of study (see also Backrud et al., 2004),tg C4, there are also broadband emissions WEVSE | >1
we assume that the second perpendicular component (pejnside the acceleration region in C2 and C1. However, it is
pendicular to both the ambient magnetic field and the ob-ngt possible to identify the same emission on two spacecraft,
served perpendicular electric field) of the electric field is which implies that the waves are much more short-lived than
zero. The observed wave field can then be divided intothe gcceleration region itself.
one perpendicular and one parallel component of the electric gackrud et al. (2004) concluded that thE/SB ratio of
field. To test the credibility of this assumption we have testedg|ectrostatic broadband waves between 10-180 Hz on auroral
the opposite scenario, i.e. that the observed, nearly parallghagnetic field lines varied in a structured way with respect
electric field is due to a large wave field perpendicular bothig the SE||/SE, ratio. Their interpretation was that broad-
to the ambient magnetic field and to the observed perpendichang waves are a mixture of emissions consistent with vari-
ular wave component. This scenario essentially always giveg;s wave modes.
such an assumed perpendicular field at least ten times larger Figure 3 shows how theE/sB ratio varies Withs E; /8 E
than the observed perpendicular wave component. Thus, fofgr the 40 min of data displayed in Fig. 1. The data points
8E;/6EL >1, the error of the estimated parallel electric field form a “v” which is consistent with the above-mentioned
is likely to be less than 10%. analysis by Backrud et al. (2004). Since the waves are in-

The region withSE;|/6E| >1 and the corresponding accel- terpreted as electrostatic waves, ##/3B ratio is varying
eration region between 14:44:00-14:46:10 UT is only seerin a systematic way as a function of the direction of the k-
by C4, while the emissions with largéE thandE; around  vector. The data points correspond to sub-intervals of the
14:31:00 UT is also detected on Cluster spacecraft 2 (C2) andata with a frequency resolution e6fl5Hz and a time reso-
spacecraft 1 (C1). The spacecraft are configured as pearls dation of 0.1 s, using a standard FFT. Green (10-40 Hz) and
a string, with C4 leading C2 by 4000 km mainly in thg.z  red (40-100 Hz) dots are present but not visible beneath the
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Fig. 2. Energy spectra of downgoing electrons from Cluster space-,
craft 4 (pane(A)), 2(B) and 1(C). An acceleration region observed
by all spacecraft is indicated.
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blue (100-180 Hz) dots. Data points below the noise level™'9: 4- A detail of the event in Fig. 1. Perpendicular (pasg

of the instruments are removed (Backrud et al., 2004). Hereand parfallel(B) components of the electric ﬁeld.; upgoitg) and
we choose to call waves with tH&€, /5, ratio (;f around downgoing(D) electron energy spectra. There is a sharp boundary

. 8 . - . . (around 14:46:40 UT) with a dramatic change in both the electric
one or Iargt_er ion acoustic or oblique ion acoustic, while agqq (A and B) and in the electron data (C and D). Waves with
SE/SE . ratio of around one or smaller here corresponds t0; jarge parallel component of the electric field are only observed
electrostatic ion cyclotron waves or ion Bernstein waves. Awnhen there are no cold electrons detected. There is an overall good
SE/SE . ratio of around one or larger is consistent with ion correlation between wave emissions and electron distributions.
acoustic or oblique ion acoustic waves, whilé&/6E, ra-
tio of around one or smaller is consistent with electrostatic . . . o
ion cyclotron waves and perhaps ion Bernstein waves. Ther@ossible to routinely obtain full electron distributions (the
is no sharp boundary between the waves modes labeled witBpacecraft spin of 4s), there is a clear correlation between
different names. Thus, during the 40-min interval, we find large fluctuating parallel electric fields and the absence of
a mixture of emissions consistent with various wave modesSuPrathermal electrons. o o
The lines in the figure and the wave modes will be discussed Figure 5 shows another detail of Fig. 1. This is yet another
in detail later in the theory section. example of a good correlation on smaller scales between
! waves with a largéE;; component (panel nd th n
Broadband waves between 10-180 Hz, vsify/sE | >1, aves alargék, component (panel b) and the absence
: . ; . . of suprathermal electrons (panels c and d). The waves with
have in this study only been detected in regions without

. : a largesE;; component are excited around 14:31:10 and be-
suprathermal electrons. Figure 4 shows details of the eventween 14:31:17-14:31:19 UT, i.e. only when the suprather-

in Fig. 1. We can again see the characteristics of an accelr-nal electron pooulation is missing. The highliahted vellow
eration region in the electron distributions (panels ¢ and d) Pop 9 gnlig Y

between 14:43:50-14-46:35 UT. The corresponding broad Vave sequence will be studied further in detail in the theory

band waves with a largéE; component are displayed in seg’crlgg. Fios. 1-5 we can conclude that waves with a
panel (b). At a few times during this time interval, cold elec- gs.

oy 0 e s of iy e e o UYL =L et ot ofs oo a5k
~14:45:20 UT,~14:45:45 UT) and the emissions with a 2o P ' 9

large SE, component are at these times damped. Also, theessentlally no suprathermal electrons are detected.

wave-characteristics change dramatically after 14:46:35 UT,

where the3E; component (panel a) is instead much larger 4 Modeling the plasma

than theSE;; component (panel b). At the same time, there is

also a sharp boundary detected in both the up- and downgd-igure 3 and the results in Backrud et al. (2004) suggest that
ing electrons, clearly showing the presence of suprathermate observed waves can be described within the framework of
electrons at later times. Thus, even at the highest resolutiofinear waves in a homogeneous plasma. In order to examine
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Fig. 5. A detail of the event in Fig. 1. Another example of waves

with larger parallel (pandB) than perpendiculafA) component of wE 3

the electric field which shows good correlation with electron dis- E—

tributions without cold electrong(and D). The yellow sequence Energy [eV]

(panels A and B) will be studied further in detail in Fig. 6 and in the

theory section in Figs. 10-12. Fig. 6. PEACE instrument data showing phase space density for

downgoing electrons from the sensors HEEA (blue line) and LEEA
(magenta line). One ordinary Maxwellian distribution (green line)

nd one drifting Maxwellian distribution (red line) with energy of

to. what extent Sth a theoretical description is ConS|ster1§00 eV will represent typical electron populations in the theory sec-
with the observations we model the plasma. The model is;

produced with two purposes. Firstly, we seek to explain the
V-shape in Fig. 3 in terms of the linear wave modes present
in a realistic plasma environment. Secondly, we intend to
analyze in detail a short (1s) burst of waves with large E half of a spacecraft spin).

highlighted in Fig. 5). To meet both of these requirements
(highlig in Fig. 5) aul Figure 6 shows the phase space density for the electrons.

we base the plasma model on particle observations made N . .
the time of the selected short burst (14:31:18-14:31:19 UT)%tEEA (magenta line) is observing the downgoing electrons

and argue that the plasma parameters do not vary much sin(?eround half a second after the event we study in the the-

the V-shape is preserved over a long time period. We use dat3y section. HEEA has the same field of view two sec-

from Cluster 4, as all particle and wave instruments workonds earlier than LEEA and therefore observes downgoing
properly on this spacecraft electrons less than half a second before the wave emissions.

At the i fint t the back d ic field i The two sensors observe different electron distributions, in-
600 Tel Lme Ot.'n ?[Les i € bac gr:)utnzomk?_ti:lnz I(t: 'f d E dicating rapid variations in time or space. The HEEA obser-
the rr:es.o:a?]rcperes:)nt?n d:r Wﬂ?g;ég%a(ﬁau ot aIZ 135%6615 Yations before the wave event show multiple beams (75eV,

- . " 345 eV and 825 eV) which might generate waves. There are
the plasma frequency, the density is estimated to 5%crin ) g g

. : C o two Maxwellian functions in the figure representing the typ-
the following paragraphs we model the particle d|str|but|ons.ica| background and beam electron distributions in the wave

generation region. The green line is a Maxwellian distribu-
tion with a density of 4.5cm?, and the red line is a drifting

5 Electrons Maxwellian distribution with a drift energy of 200 eV, with a
density of 0.5 cm?.

The PEACE instrument has two sensors, LEEA and HEEA. At the lowest detector with energy levels of a few

They are mounted on opposite sides of the spacecraft, suchV the electron observations may be contaminated by

that they have the same field of view every two seconds (one-
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CIS—CODIF TANGO (SC 4) 14 /Feb/2003
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Fig. 7. Energy-time spectrogram of Hobserved by the CIS instrument (patid)). We distinguish a cold (100 eV) and a hot (4.5 keV)
component. Pane(8) and(C) show estimated parallel and perpendicular velocities for the colait the hot H component, respectively.

photoelectrons from the spacecraft. The EFW instrumentdensity ratio between the hot and the cold component is 3/2.
shows that the probe-to-spacecraft potential is about 5V andReasonable parallel drift velocities can be read from the sec-
observations below 10 eV are removed in Fig. 6. During theond and third panels. The second panel shows parallel and
short time interval of Fig. 6, there are also clear indications ofperpendicular bulk velocities for the cold component, that
electrons at energies between 10 and 30eV. As is clear frons, velocities are calculated integrating over energies in the
the electron spectrograms in Fig. 5, the electron flux at theseange 0-1000 eV. The third panel presents corresponding pa-
energies is strongly varying. The particle observations andameters for the hot component. Seconds prior to our event
the overall variable situation suggest that during a significantat 14:31:18-14:31:19 UT there are dips in the parallel ve-
part of the event a simple model without any suprathermallocities (i.e. larger parallel drifts anti-parallel to the ambient
electron population can be used. As will become clear, themagnetic field). We regard these large drifts neither as nec-
absence or at least the low density of suprathermal electronsssary for the intense wave burst nor as representative of the

is of interest for the growth of IA waves. whole time period and therefore use more moderate drifts.
Hence, the parallel drift of the cold component is approxi-
5.1 lons mated to—70km/s. The minus sign indicates that the ions

drift anti-parallel to the background magnetic field, that is,

The CIS ion spectrometer reveals a region with a mixtureupward from the ionosphere. The drift velocity of the hot
of cold upgoing ionospheric Hand O" and hot magneto- component is set to zero, as the observed drift is just a small
Spheric (H*‘ and O"‘) ions. To ensure quasi_neutra"ty the fraction of the thermal VeIOCity and is not ||ke|y to affect the
total ion density is taken to be 5cri At the time of the ~ wave mode structure.
selected waves there is a predominance ®fi@hs and the Figure 8 presents corresponding data fdr.n this case
density ratio between Oand H' is approximated to 2. the top panel (O flux versus time and energy) clearly sug-
Figure 7 shows the protons as observed by the CIS instrugests two components. Hence, the oxygen ions are also mod-
ment. The top panel presents the particle flux versus time anéled using two drifting Maxwellians. The low energy popu-
energy. We chose to modeltHas two different plasma com- lation is assumed to have an energy of 200 eV and a parallel
ponents, with energies of 100eV and 4.5 keV, respectivelydrift of —50km/s, whereas the high energy population has
The cold component is difficult to distinguish in Fig. 7, es- an energy of 5 keV and a drift of 170 km/s. The drift veloc-
pecially at the beginning of the time interval shown. Both ities can be found in the two lower panels. The density ratio
components are modeled as (drifting) Maxwellians, and thebetween the hot and cold components is 1.
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Fig. 8. Energy-time spectrogram of Oobserved by the CIS instrument (parfd))). We distinguish a cold (200eV) and a hot (5keV)
component. Pane(®) and(C) show estimated parallel and perpendicular velocities for the colé@ the hot & component, respectively.

Table 1. Plasma model.

n(em3)  Ty=T (eV) vy (kmis) vy,
Ht 0.67 100 —-70 -0.5
Ht 1 4500 0 0
Ot 1.66 200 -50 -1.0 By=600nT
ot 1.67 5000 170 0.7 w«p=30km/s
e 0.5 75 8700 1.7
e 45 2000 0 0

The CIS instrument also provides an estimate of theWHAMP (Ronnmark, 1982). In the frequency range of in-
plasma drift velocity. The perpendicular component in theterest, above the proton gyrofrequency but below the lower-
two lower panels of Figs. 7 and 8 can be interpreted as thédwybrid and plasma frequencies, we find ion-acoustic waves,

drift velocity. Except for the hot M-component, they all
yield 20-50 km/s, in good agreement with e B estimate

together with a whistler mode and ion Bernstein waves. The
complex plasma model, including several drifting compo-

of 30-40 km/s. Hence, for our modeling purposes we use aents, suggests that additional ion-acoustic modes and/or

plasma drift velocity (¥ p) of 30 km/s in the g,.-direction.
The resulting plasma model is summarized in Table 1.
The Vg p in the zg-direction is included in the WDF

beam modes might be possible. However, for this model
we cannot find any such modes. The following analysis fo-
cusses on the ion-acoustic mode, which is the only available

analysis, but cannot be included in the model used in the bamode with a considerable growth rate and also the only mode

sic version of the dispersion solver WHAMP.

6 Linear wave modes

In order to investigate the mode structure of linear waves in

the plasma described by Table 1, we use the dispersion solv

with §E/6B andSE;/6E | in accordance with observations. In
Fig. 9a the solution to the dispersion relation is presented as
constant frequency contours versus normalized wave vector
components, parallek(oy+) and perpendiculak( o5 +) to

the background magnetic field. Hepg+=16 km is the gy-
roradius of the hot protons in the plasma model. The usual

er
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Fig. 9. The solution to the dispersion relati¢h). Contours of constant frequency are plotted versus normalized parallel and perpendicular
wave vectors. Herey+=16 km is the gyro radius of the 4.5keV protons in the plasma model. We identify the wave located on different
parts of the dispersion surface as ion acoustic, oblique ion acoustic and Electron lon Cyclotron (EIC) waves. The two horizontal lines indicate
the location of the cross sections in panels (B) and (C). The oblique ion acoustic mode is continuous in frequency as is seen by a cross sectior
atkypg+=2.51(B). At smaller parallel wave vectors the dispersion surface is fragmented and consists of ridges associated with the H
harmonicqC).

ion acoustic mode is identified as waves witlik; >1. At wave growth. In this case the drifting electrons seem to be
ky/k1~1, the solution is difficult to find and the dispersion the primary cause of wave growth. If we set all ion drifts
surface makes a fairly sharp turn in wave vector space. to zero, the ion acoustic mode is still growing. For paral-
Figures 9b and c show cross sections at fixed parallel wavéel propagation we find that below an electron drift velocity
vectors, presenting frequency verdusy+. Thereisaclear  0of vg/v;;,=1.2 there is no growth above the proton gyrofre-
change in the mode structure as we move in thelikection. ~ quency. The growth rate increases with increasing drift ve-
For relatively small parallel wave vectors (Fig. 9c) we ob- locity up tova/v,,=1.5. For drifts larger than,/v,,=2.0 the
serve a banded structure. Growing waves reside on ridge®n acoustic mode is again damped. The behavior is similar
associated with the proton cyclotron harmonics. We referfor more oblique propagation.
to this fragmented mode at smallefoy+ as Electrostatic As previously discussed in this paper, waves with large
lon Cyclotron (EIC) waves. For larger parallel wave vec- sE; coincide with regions void of suprathermal electrons.
tors (Fig. 9b) the dispersion surface is continuous, passingHence, there are no suprathermal (non-drifting) electrons in-
through all multiples of the proton gyrofrequency. However, cluded in the model we use. Adding such a component
while this continuous mode is growing there is a dampedchanges the instability drastically. Introducing less than a 1%
remnant of the banded structure at larger perpendicular waveamount of 20 eV electrons quenches the instability at the ion
vectors. These bands connect to the continuous mode. Wgcoustic and oblique ion acoustic modes. Note that growing
refer to the waves located on the continuous mode as obliquiyn acoustic waves requires both the absence of suprather-
ion acoustic waves. mal electrons to avoid damping and the presence of an en-
With several plasma populations drifting with respect to ergy source, such as a beam, to cause growth. The EIC
each other, there is a surplus of free energy available fowaves are less affected, and these waves may exist even in an



3748 M. Backrud-Ivgren et al.: Broadband waves in the auroral region

sof ! ~ I ] We are now ready to relate the linear wave modes pre-
EFW BE sented above to different parts of the V-shaped structure in
w2 * 1 Fig. 3. The solid lines correspond to the ion acoustic and
oblique ion acoustic mode. They are obtained keefing
20 ] fixed and increasing, . Hence, by comparing with Fig. 9
- ‘ (panel a), we realize that the frequency must vary along the
° 7 curves. Starting to the right in Fig. 3 (larg&/6E.) and
moving left, the frequency is almost constant uBi/SE
r 7 is approximately equal to one. At this point the solid lines

make sharp turns and the frequency begins to increase. These
sharp turns correspond to the equally sharp bends in the con-
stant frequency contours of Fig. 9 (panel a). At smaller par-
allel wave vectors we can move across the ridges (panel c).
Keeping k;; constant and moving across the ridge associ-
WlB EFW 3E, | ated with the first harmonic yield the dashed lines. Along
these lines the frequency does not change much. In the cases
shown in Fig. 3 the frequency ranges between 8-14 Hz. Fi-
nally, a constant frequency contour on 10 Hz is also drawn
in Fig. 3 (dotted line). Moving from right to left along this
curve the wave vector changes from being nearly parallel to

20 o

[mV/m]
o
i

-2 . the ambient field to being more perpendicular.
We state that there is a good correspondence between the
-401 8 observed waves and the linear wave modes found. Moving
around in the mode structure can reproduce the V-shape of
60 R ] Fig. 3.

14:31:18.0 05 14:31:19.0
14-Feb-2003

Fig. 10. For 1.3s of data, including the one-second period high-7 A detailed investigation
lighted in yellow (also in Fig. 5) showing perpendicular (paAgl
and parallel(B) components of the electric field. By visual in- Returning to the selected burst of waves we first take a closer
spect_ion, the waveform during _the first second (yellow) indicates|ggk at the time series. Figure 10 shows an enlarged pic-
that linear the<_)ry may be appllcable_ but tht_e ;tructure at arountre of the perpendicular (panel a) and parallel (panel b)
t1{;;:31:19.05 might be of a more nonlinear origin. See text for de_co_mppnent (?f the electric field, displayed earlier in Fig. 5
' (highlighted in yellow). The smooth wave packets suggest
that linear theory may be applicable to this particular one-
environment with a small amount of suprathermal electronssecond period of data. However, the structure observed at
In theory a suprathermal electron component can give rise~14:31:19.05 UT might be of a more nonlinear origin and it
to fast growing electron acoustic waves with a phase velocis not included in the detailed study.
ity slightly larger than the thermal velocity of the cold elec-  Repeating the procedure leading to Fig. 3, but using only
trons and frequencies of almost up to the electron plasmahe selected one-second of data results in Fig. 11. The data
frequency. However, waves in this frequency range are nopoints are divided into three frequency intervals. On top of
observed and in a more realistic plasma including, say, a nonthe data we display the constant frequency contours on 10,
drifting electron component at 50-60 eV, they are damped. 40, 60 and 90 Hz. We see that the theory agrees well with
The wave modes presented in Fig. 9 are not very sensitivéhe observations. The theoretical curves pass through the
to the relative densities of the two'Ocomponents and the data points andE/SB is larger at higher frequencies, both
hot protons. Changes in the temperatures of these compaccording to theory and in the measurements. However, the
nents or their drift velocities also result in minor variations. observedE/$B seems to be somewhat lower than the model
However, the density and temperature of the cold protons ar@redicts. One reason for this is that when calculating the ra-
essential parameters. Changing these parameters affects ttie from the data we set the non-measug&d g component
phase velocity and the growth rates. It can be noted thato zero. Hence, only two electric field components are used
the phase velocity (190km/s) of the ion acoustic waves isandSE/SB is underestimated.
slightly higher than the thermal velocity of the 100eV pro- In Fig. 12 we present the power spectral density in the
tons (138 km/s). The hot electron temperature also plays aelectric wave field versus frequency. This is compared to
important role. We conclude that the cold protons, togetherthe temporal and spatial growth rates provided by WHAMP.
with the hot electrons constitute the basis for the existence offhe spatial growth rate is defined as the temporal growth
the ion acoustic waves, and that the electron beam suppliesate divided by the group velocity. Referring to Fig. 11 we
the free energy needed for growth. see thak, /k is ranging from 0.5 to 5, and we believe that
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L Fig. 12. Comparison between the observed spectral densities (com-

puted using the electric field), and the temporal and spatial growth
Fig. 11. A short burst of waves is analyzed using the same techniqueates predicted by theory. In par{@l) we plot the growth rates ver-
leading to Fig. 3. The data points (triangles) are divided into threesus frequency keepirig, fixed (k| oy +=5.01). In panel(B) we let
frequency intervals. On top of the data points we present constant | be constanti} py+=1.58).
frequency curves obtained using the dispersion solver WHAMP.

and phase relations between all wave field components. The

the waves are located close to the bending of the constantVDF (i (k)) can be thought of as the wave energy density in
frequency contours in Fig. 9. Hence, in the top panel (a)wave vector space and is formally defined as (Oscarsson and
the growth rates plotted are obtained at a fikgol;+=5.01, Ronnmark, 1989)
whereas panel (b) displays the growth rates found with a con-
stantk | p+=1.58. There is little difference between the two 1, (k) = E*(k) - [lawo(w, k)} -E(K),
panels, and the wave growth is similar for all angles, from w
parallel to close to perpendicular k-vectors. _ whereE(k) is the Fourier-transformed electric fieB(w, k)

From Fig. 12 we see that both temporal and spatial growths the dispersion matrix and the bracket is evaluated at
rates agree very well with the frequency profile of the SPeC-,—w (k), satisfying deD(w, k)=0. The WDF is related to
tlrall density. Irrespective of which of the growth rates thgt data through the spectral matrix. For a known wave energy
limit the wave growth, we can conclude that our model is gjstribution the resulting spectral matrix can be computed.
consistent with the observations. The growth rate profilesowever, the inverse problem is underdetermined; an infinity
are shifted towards somewhat higher frequencies if the driftys differenty (k) corresponds to the same spectral densities.

of the cold H" ions is lowered. The set of feasible solutiong(k) satisfies
_ 151G = Sy ol
8 Reconstructing the WDF syl = > ; o2 =< &bound

Figure 11 shows that two of the polarization parameterswhere §; are the theoretically calculated spectra for a given
(SE/sB, SE||/5E L) agree with the measurements. However, ¥ (k), C;; are the observed spectra asg the correspond-
there is more information available. Reconstructing the Waveing variances. The summation is carried out over all avail-
Distribution Function (WDF) is a systematic way of invok- able auto and cross spectral densities. Assuming that the
ing all polarization information in the data, that is, amplitude errors are random and normally distributed with variances
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e o The interested reader is referred to Oscarsson and

- S Ronnmark (1989) and Oscarsson (1994) for details on the
method and algorithm used. Stenberg et al. (2002) provides
an example of how to apply the technique.

We reconstruct the WDF at 50 Hz, using the one-second
of data presented in Fig. 10. The observational input to the
0 ; reconstruction program is made up of the spectral densities

at the frequency of interest. Computing the spectral densi-
" Ny ties we use a record length of 128 points and average over
T w  wm o 5 . o 6 time records. All observed wave components are used,

but to avoid possible cross-correlation problems due to, for

3E/0E, [1] instance, phase shifts in the electronics, we do not include
x1ot cross spectra between magnetic and electric wave field com-
ponents. WHAMP produces the theoretical input to the re-
construction. All wave vectors satisfying the dispersion rela-
tion w=w(k), that is, a constant frequency curve, together
with the corresponding polarization vectors, are provided.
It is worth pointing out that in reconstructing the WDF, we
make no assumption concerning the third component of the
electric field.

v [ arbitrary units]
SE/SB [mis]

Azimuthal angle [°]

K Py [
v[s7Y,0.2:8G [m™Y

v [ arbitrary units]

Itis not obvious that & (k) satisfying Eq. (2) exists. How-
ever, in our case, the reconstruction scheme finds a way of
distributing energy along the constant frequency curve that

Koy [ 350, [ fulfills Eq. (2). This is in itself an important result without
even considering the details of the wave energy distribution.
Fig. 13. Panel(A) presents the WDF versus the azimuthal angle. It shows that all included polarization parameters are con-
Two maxima can be identified. Pan@) shows the location of  sistent with the wave observations. Hence, the theoretical

these maxima on a constant frequency curve (50 Hz) plotted versughodel describes the measured waves in this sense.
SE/SB and$E)|/SE 1 g. The data points are the same as in Fig. 11.

The WDF maxima are also viewed on a constant frequency contour The reconstructed distribution of wave energy, is ex-

in (k;|, k| )-space (panel). Panel(D) is a comparison between the . :
WI(DIQ atld))=8?1D an((qu>:y8)0° (solig a)nd dashe%-dotted black lines) pr_essed asa functlon ofi kL and¢f The azimuthal _anglt_a
and the predicted temporal (red) and spatial (blue) growth rates. ¢ isthe angle in the plgne perpgndm?ular to the amblent field.
The background field is essentially in thg xdirection and
¢=0° corresponds to the,z-direction. Figure 13a presents
o1, €[y (K)] is x9 distributed, which can be used to set an 1/[ as a function ofp. We note tha_t there are two pr_eferred
upper boundary o[ (k)]. We chosetpound SO that, on av- directions, 80 and 280. The Io_catlons of these maxima on
erage, the deviation of an observed spectrum from a theorefl® constant frequency curve in wave vector space are indi-
ical one is one standard deviatien Through this approach cated by circles in Fig. 13c. Note that the angles &ad
the observational errors are included and we demand that th¢80 refer to the azimuthal angle. The angle betwkemd
resulting wave energy distribution(k) produce theoretical the background magnetic field is given by the ratio between
spectral densities close to, but not necessarily identical tokil @d K_. Since we include the Doppler shift the constant
the observed spectra. To select a unique solution we use Keauency curves are actually dependenigorbut the vari-

maximum-entropy algorithm. We define an entropy function tions are very small. Comparing with Fig. 9 we conclude
that the waves are indeed ion acoustic or oblique ion acous-

as
. tic waves. The wavelength is about 4km. In Fig. 13b the

Hly] = —fdkl/f(k) In[W( )]’ WDF maxima (circles) are instead displayed versEfB
v andsE)/6E and compared with data. The solid line is the
v constant frequency contour at 50 Hz. Finally, it is interest-

ing to compare the reconstructed WDF with the predicted
v growth rates. Figure 13d showsversussg;/sE; at¢p=80°
chose the one having the largest entropy. Our particulamnd¢$=280C (solid black and dashed-dotted black lines). In
choice of entropy function means that when the spectra conthe same figure we present the temporal (red line) and spa-
tain no information, the energy will be evenly distributed in tial (blue line) growth rates. It is interesting to note that the
wave vector space. Hence, we minimize the risk of introduc-solution seem to reflect the growth profiles even though the
ing any artificial structure in the solutions. reconstruction tries to distribute energy as evenly as possible.

where\llzé [ dky (k). Among the feasible solutions we
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9 Discussion proton gyrofrequency) and 180 Hz (approximately the lower
hybrid frequency) during a 40-min long event gives several
Two different methods are used to compare wave and partiinteresting conclusions.
cle observations with theory, and to identify the wave modes. Much of the broadband wave activity has a larger elec-
In both methods the observed wave polarization is com-ric field perpendiculardE, ) than parallel §E)) to the geo-
pared with the polarization obtained from the theory of linear magnetic field, consistent with several earlier studies. How-
waves in a homogenous plasma. Models of the observed paever, we find thadE;, dominates in some regions. The waves
ticle distributions are used as input to the theoretical wavewith mainly a parallel electric field and a paralkevector are
dispersion relation. In the first method, two ratios of wave consistent with ion acoustic and oblique ion acoustic waves.
field componentsdE /SEL andSE/SB) are compared with  Waves at larger angles to the parallel direction are well de-
theory. Here we must indirectly estimat&;, and do not  scribed as Electrostatic lon Cyclotron (EIC) waves (see also a
use all available polarization information. The advantage ispreliminary study by Backrud et al., 2004). Furthermore, ob-
that the method easily can be applied to the whole intervakerved electron beams can generate all the observed waves.
of several minutes, including a mixture of wave modes. In  The ion acoustic and oblique ion acoustic waves are ob-
the second method, an estimate of the distribution of energgerved only in regions without suprathermal (tens of eV)
in wave vector space at 50 Hz is performed. The method islectrons. This agrees with textbook plasma physics, stat-
applied to a short time interval, and we focus on the detailedng that even small amounts of suprathermal and cold plasma
properties of waves with largi|. The advantage is that no will damp ion acoustic waves. Our combined wave and par-
assumption concerningE| is needed and that all observed ticle observations explain why such waves can occur in parts
wave components are used. Both methods give fully consisef the auroral region.
tent results. The regions void of suprathermal plasma are interpreted as
The theoretical dispersion relation in Fig. 9 shows struc-magnetic flux tubes where the electrons above the spacecraft
ture at multiples of the proton gyrofrequency (about 7.6 Hz) are accelerated downward and the suprathermal ionospheric
at smallk;. However, it is not likely that this structure can electrons below the spacecraft cannot penetrate a barrier at
be observed. One reason is that with the high time resolutionhe bottom of a potential drop of a few hundred volts in to-
we use in our FFT analysis, we obtain a frequency resolutal. In our wave study the lack of suprathermal electrons is
tion of about 15Hz. A more fundamental reason is Dopplerimportant for the generation of ion acoustic waves. We also
broadening. Oblique EIC waves have wavelengths of abouhote that clear signatures of auroral acceleration regions at
4km. The perpendicular plasma drift of about 30 km/s dom-this high altitude have not been reported before.
inates over the satellite velocity and gives a broadening of As opposed to ion acoustic waves, EIC waves occur in
about 10 Hz. This would mask any harmonic structures.  regions with a mixture of hot (keV) and suprathermal elec-
Whistler mode waves and very oblique ion Bernstein tron populations. Thus, our study shows a clear correlation
waves may, in principle, be present in the frequency rangebetween a mixture of hot and suprathermal electrons and
that we investigate. Our polarization analysis shows thatEIC waves, and also between the presence of only hot elec-
only a small part of the wave energy can be in the whistlertrons and ion acoustic waves. Future statistical studies might
mode. Generally, the estimatéH, /SE, ratio is less reliable  use this observation, and obtain rather detailed properties of
if the truedE)| is small. Hence, short periods of ion Bernstein broadband waves from electron observations, or vice versa.
waves with electric fields close to the perpendicular direction Summarizing our observational and theoretical findings
may be missed in our statistical analysis. we conclude that many of the broadband emissions are well
Another type of wave that might be present is the disper-described as a mixture of essentially electrostatic modes
sive Alfven wave at frequencies much below the ion oxygenwhich all correspond to different parts of the same disper-
frequencies. Using a method similar to ours but comparingsion surface in the linear theory of waves in a homogeneous
theory only with the ratio of the wave electric and magnetic plasma. In particular, ion acoustic waves occur in regions
fields, the Doppler shift of these waves has been shown tavithout suprathermal electrons and EIC waves in regions
be consistent with some broadband emissions (Stasiewicwith a mixture of suprathermal and hot electrons.
et al., 2000; Lund et al., 2001; Stasiewicz and Khotyaint-
sev, 2001). It is not clear that this model, even in principle, AcknowledgementsTopical Editor T. Pulkkinen thanks two refer-
can explain waves with dominating Ebut dispersive Alfgn ~ ees for their help in evaluating this paper.
waves and other low frequency modes should be included in

future, more complete studies of broadband waves.
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