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Abstract. Whistler emissions close to the magnetopause orat much higher frequencies — about the electron plasma fre-
the magnetospheric side are investigated using the four Clusguency — are also observed in association with the thin sheets.
ter spacecraft. The waves are found to be generated in thifhese waves are observed at the same time intervals as the
(electron-scale) sheets moving with the plasma drift velocity.whistler waves, which put serious constraints on the propa-
A feature in the electron data coincides with the waves; hotgation and/or damping properties of both types of waves.
magnetospheric electrons disappear for a few satellite spins.

This produces or enhances a temperature anisotropy, which

is found to be responsible for the generation of the whistler2  Background and related observations

mode waves. The high energy electrons are thought to be lost

through the magnetopause and we suggest that the field lineshe magnetopause is one of the most interesting regions in
on which the waves are generated, are directly connected tghe magnetosphere: a thin boundary between the shocked
a reconnection diffusion region at the magnetopause. magnetosheath plasma, originating from the solar wind, and

Keywords. Magnetospheric physics (Magnetopause, Cuspthe magnetospheric plasma. Through this boundary parti-
and boundary layers) — Space plasma physics (Magnetic rekles and energy from the solar wind are assumed to enter the
connection; Waves and instabilities) magnetosphere through a process generally referred to as re-
connection. The reconnection process allows fast conversion
of magnetic field energy into kinetic energy of electrons and
ions (Paschmannl979 Qieroset 2001). Large efforts are

put into the task of understanding the structure and dynam-
ics of the magnetopause and to reveal the details of the en-

Recent discoveries of thin (electron scale) layésdré et X
. ergy transfer across the boundary. Improved computer simu-

al,, 2004 Vaivads et al. 20043 at the magnetopause have > ; . . .
. lations, together with multi-spacecraft observations, contin-

gained new insights mtc_) magnetopguse physps "’?”d have Inl]ously provide new clues (e.gaivads et al.2004h Scholer

creased the hope of using the multi-satellite mission Cluster
. et al, 2003.

(Escoubet et a12001) to solve the mystery of reconnection. Diff t d ted to plav i ant

We present in this paper one more piece in the puzzle, erent wave modes are suggested 10 piay importan

showing that whistler mode waves observed close to therolesmthe reconnection proceszatel et al, 1995 Rezeau

magnetopause on the magnetospheric side also occur in thl%nd Belmont200%, Petkaki et al.2003. In recent years, in-

sheets. We are lucky enough to record generation regions oHa.rest has been. directed towards whistler mgde waves. In
three out of four Cluster spacecraft and a detailed study re!hIS paper we will refer to_these waves as V\_/hlstl_ers, noting,
veals that the thin sheets, where wave generation is assum wever, that they are different from the lighining gener

to occur, pass the spacecraft with the plasma drift veloc—ated waves often referred to by Fhe same name. Whistler
ity. The whistler emissions also coincide with a conspicuousmOde waves are believed to provide the means for a recon-

structure in the electron data; high energy magnetospheri@egt',‘\)ﬂn trate hltggggouglg to a?ree W'tﬂ. r?leasur%mé)&?gqt
electrons disappear for a few satellite spins (roughly 10s) and Matsumotp200]). Reports on whistler mode activity

which might indicate that the thin sheets are on field lines di- " (€ dayside solar wind-magnetospheric interaction region

rectly connected to the reconnection diffusion region. Waveshave been frequent since in-situ explorathn O_f the ma?”e'
topause and the bow shock began. Starting in the 60’s, a
Correspondence td3. Stenberg number of spacecraft have searched the area and electromag-

(stenberg@space.umu.se) netic waves in a broad frequency range have been commonly

1 Introduction
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observed (e.gSmith et al, 1967 (OGO-1); Olson et al, frequency range 4-80 kHz, and provides a way of measuring

1969(0OGO0-3); Rodriguez and GurnetLl975(Imp-6); Gur- the plasma density.

nett et al, 1979 (ISEE 1 and 2);LaBelle and Treumann To investigate the electron distributions we use data from

1988 (AMPTE/IRM); Zhang et al. 1998a(Geotail); Pick- the electron experiment PEACBdhnstone et gl.1997.

ett et al, 1999 (Polar); Maksimovic et al. 2001 (Cluster)).  PEACE consists of two sensors positioned at opposite sides

It is worth noting that the waves are present in large regionsof the spacecraft, providing a 3-D distribution for the full en-

of space and are observed not only in direct association witlergy range every four seconds (one spin period). The ion data

the boundaries but also further away from them. However,come from the CIS/HIA instrumenRgme et al.1997). The

there are reasons to believe that many of the observation§IS instrument is capable of delivering a 3-D distribution

still are linked to the magnetopause or bowshock, for exam-each spin period. CIS data are used to estimate the plasma

ple through the particle distributions responsible for the gen-drift velocity and to model the ion component of the plasma.

eration of the waves (e.ghang et al.19983. In additon we also use high resolution data
In this context observations of thin sheets of wave activity (67.2 vectors/s) from the fluxgate magnetometer (FGM)

thousands of kilometers from the large magnetopause curiBalogh et al. 1997 to transform magnetic wave field data

rent sheet are an important piece of evidence. They confirninto a locally background magnetic field oriented coordinate

that electron scale physics is relevant not only at reconnecsystem.

tion sites but also far away from them. If the waves could

be directly related to processes at the boundary/reconnection

site, we would also have established a way of monitoring4 A firstlook at the event

micro-physics at the magnetopause by remote sensing.
At 03:31 UT on 2 March 2002, the Cluster spacecraft

crossed the magnetopause at high latitude (GSE:15Rg,
y=3.31Rg, z=8.39Rg) and close to magnetic noon. Al-
most 2 min prior, the satellites encountered the wave emis-
sion playing the principal part in this paper. Figure 1 intro-
Data used in this study are recorded by the four Clusteryyces the event as seen by Cluster 4. The top panel shows the
spacecraft. The satellites have elliptical polar orbits with aprobe-to-spacecraft potential obtained from EFW, which is a
perigee of 4 Earth radiifz) and an apogee of 19/8¢. The  measure of the plasma densijedersen et al2001). The
orbits are fixed with respect to the stars, that is, the apogegythound (magnetosphere to magnetosheath) magnetopause
moves around the Earth as the Earth rotates around the SUBrossing is clearly seen as a sudden increase in density at
The satellite orbits are arranged so that in some regions 0§3:31 UT. In the second and third panels of Fig. 1 we present
large scientific interest, for example, the magnetopause, thﬂme-frequency spectrograms of the magnetic and electric
satellites form an optimized tetrahedron. The spacecraft sepyaye fields during the same time period. The main subject of
aration is changed during the mission and is about 100 km foghig study is the wave emission appearing in both these pan-
the event analyzed below. The spacecraft are spin-stabilized)s at about 03:29:30 UT. Figure 1 gives the impression that
with a spin period of 4 s, and the instrumentation is identicalthe waves of interest are observed close to the magnetopause,
on all four of them Escoubet et 11997 2001). but provides no estimate of the distance. However, particle
In this study we use six of the Cluster instruments. Theobservations (Sec®) confirm that the waves are recorded
wave analysis is based on time series data from the eledn a boundary layer with a mixture of magnetospheric and
tric field experiment (EFW)Gustafsson et gl1997) and the  magnetosheath plasma. Hence, the waves are detected suffi-
search coil magnetometer (STAFR}drnilleau-Wehrlin et ciently close to the magnetopause, in order for the environ-
al., 1997 2003. STAFF provides three orthogonal magnetic ment to be affected by the magnetosheath plasma.
wave field components. EFW uses two pairs of spherical The electromagnetic nature of the waves is obvious from
probes deployed on wire booms to measure two orthogonafig. 1. The emission lasts about 20s and the frequency
electric field components in the spin plane. The probe-to-ranges from 50 Hz to well above 200 Hz, with a fairly sharp
probe separation is 88 m. Both instruments are run in bursiower cutoff. Due to the sampling rate of 450 samples/s
mode on all four spacecraft during this event, which meansand the low-pass filtering at 180 Hz, we do not capture the
a sampling rate of 450 samples/second. The signals are lowighest frequencies of the emission. However, in STAFF-SA
pass filtered with a cutoff frequency of 180 Hz. Furthermore, data (not shown) the emission is seen up to about 400 Hz.
the STAFF Spectrum Analyser (STAFF-SA) gives electric The background magnetic field strengiBg, (from FGM)
and magnetic wave field spectral data in the frequency rangg about 30 nT (GSEBg,=—22nT, Boy=7nT, Bo,=17nT),
64 Hz—4 kHz. giving an electron gyrofrequency of 840Hz. The electron
The emissions at higher frequencies are captured by thplasma frequency (from WHISPER) is 15-20 kHz, corre-
WHISPER instrument. WHISPERgceau et al.1997 can  sponding to a plasma density of 2.8-5.0°%cnAssuming a
be run as a passive receiver but also has an active sounder thatoton-electron plasma the lower-hybrid frequency can be
emits short pulses to stimulate the characteristic frequenciesstimated to about 20 Hz. Hence, the electromagnetic waves
of the plasma. A receiver then detects the plasma echos in thee record are within the whistler mode frequency range,

3 Data
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Fig. 1. (a) Probe-to-spacecraft potential (often referred to as the
negative of the spacecraft potential-{gc) versus time. The
plasma density is proportional teVsc and the increase in den- Fig. 2. (a) Contours showing the distribution of cross spectral den-
sity associated with the magnetopause crossing is clearly seen. THaty, Sxy in frequency, f, and phaseyyy. The cross spectrum is
density on the magnetospheric side is about 38mising to about ~ computed for the interval 03:29-03:30 UT using a record length of
20 cni3 when the satellite enters the magnetosheath. Data are frord024 points and averaging over 101 time records. The cross spectral
EFW. (b) Total magnetic power spectral density (color coded) ver- density is in units of ("/° Hz. Integrating over all phase angles
sus time and frequency (STAFF). The waves we concentrate on ar&ould yield the usual cross spectral density in . (b) Parallel
seen at 03:29:30 UT(c) Total electric power spectral density in component of the Poynting flux, assumifigk Bo=0. The whistler
the spin plane (color coded) versus time and frequency (EFW). Thénode waves propagate anti-parallel to the background field. Time-
artificial-looking signals (e.g. at 03:30:00 UT) are caused by thefrequency bins with a Poynting flux less thari@® ,W/m?Hz
active sounder WHISPER. All data are obtained from Cluster 4. ~ are removed.(c) E/B versus time and frequency provides an es-
timation on the phase velocity, which for the waves of interest is
about 510 m/s. STAFF and EFW data are used.

above the lower-hybrid frequency and below the electron gy-

rofrequency. At this point it could also be noted that in com- two perpendicular magnetic wave field components. The
parison with the rather monochromatic lion roars reportedergss spectral density is plotted versus phase and frequency
from this region of spaceBaumjohann et a.200Q Zhang n the top panel of Fig. 2. In the frequency range of interest,
et al, 1998h, the emission studied in this paper is broad- 1xy~—90°, which corresponds to the right-handed polariza-
banded, lasts for a longer time and does not show any progion we expect for whistler waves. The coherence is very
nounced wave packet structure. close to one in the frequency range 60—180 Hz.

An investigation of the polarization further strengthens From a Poynting flux calculation we conclude that the
the mode identification. We transform the wave magneticwhistler mode waves propagate anti-parallel to the ambient
field into a local coordinate system with theaxis along the  field. Since the observations are made in the Northern Hemi-
background magnetic fiel8y. The y-axis points roughly  sphere this correspond to waves propagating away from the
in the ygsg direction and ther-axis is in thexgsg—zGsEe- Earth and towards the magnetopause. The parallel compo-
plane. Using 60s of data we compute the cross spectratent of the Poynting fluxP), is presented in the second panel
density of the two components perpendiculaBg We fo- of Fig. 2.|Py| is found, assuming that the wave electric field
cus on the complex phase of the cross spectiyg, which (E) is perpendicular taBy, which is a reasonable approx-
is equivalent to the averaged phase difference between thimation for nearly anti-parallel propagating whistlers. The
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Fig. 3. Frequency-time spectrograms (computed using the totalrig 4. Distribution of the polar angle), versus time and frequency
magnetic wave field from STAFF) for all spacecraft. Note the low- o, C1, C2, C3 and C4. The three vertical lines marking the cen-

frequency activity (visible on C1, C2 and C4) at the times of most g5 of three stripes observed by C1 and C2 are drawn for future
intense waves. reference.

bottom panel of Fig. 2 showE /B, which provides a good . . i .
estimate of the phase velocity in the case of whistlers, Sinceqeneratlon of whistler mode wavelafnes1976 Lonnkvist

the wave electric field is perpendicular to the wave vector.et al, 1993.

We find that the phase velocity is of the order af@ m/s. An investigation of the propagation direction of the waves
makes the interpretation of the low-frequency activity as a

marker of a generation region credible. Applying Means’
5 Discovering the thin sheets method Means 1972 to the magnetic wave field data, we

estimate the direction of the wave vector The analysis
All four Cluster satellites observe the wave emission.does notdistinguish betwedérand—k and therefore we use

Frequency_time Spectrograms (Computed using the tota‘he result of the Poynting flux calculation from the pl‘eViOUS
magnetic wave field from STAFF) for all spacecraft are pre- Section to remove this ambiguity. All calculations are per-
sented in Fig. 3. The emission looks similar on all four formed in a background magnetic field oriented coordinate
spacecraft, although not identical. Of special interest are th&ystem. The direction of is specified by the polar angle,
low-frequency signatures<50 Hz) clearly seen on Cluster 1 0, (the angle betweek and Bo) and the azimuthal angle,

(C1) and Cluster 4 (C4) at about 03:29:26 UT. A similar sig- (the angle in the plane perpendicularBeg).

nature is barely visible on Cluster 2 (C2) at approximately Figure 4 presents the polar angle versus time and fre-
03:29:22 UT. These low-frequency waves coincide with thequency for all spacecraft. The polar anglés color coded
most intense part of the emissions. On auroral field linesin the range 155<6<18C. All time-frequency bins cor-
such low-frequency activity has been found to indicate localresponding to a spectral density below $QnT)2/Hz or a
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value of6 outside the interval given above are removed from

(-61) m
the plots. We find that the waves propagate in a roughty 25 _ ca . E
wide cone anti-parallel tdy. Moreover, the angular inter- Varift =72 km/s @ 5
val is chosen to enhance the effect of the color coding and ) fi %
a striped pattern appears. For C1, C2 and C4 we identify s ‘ 3
at least three bands where the waves are more anti-parallel %
to Bp. The three vertical lines in Fig. 4 indicate the centers ‘ E 8

of three such stripes. The overall structure is similar for all
spacecraft, but the stripes are less obvious for Cluster 3 (C3).

(-29)
The low-frequency£50 Hz) signatures pointed out earlier in ® ‘ = 50 km o
Fig. 3 coincide with the band marked with a solid line in the .
top (C1) panel and the corresponding structure in the bottom
(C4) panel.

=l . o Fig. 5. A suggested thin sheet of wave generation is presented (the
A possible interpretation of the banded structure in Fig. 4dashed-dotted line) in the actual geometry of this event. The lo-

is that the emission is composed of three or more field-cation of the spacecraft, as well as the magnetopause normal and
aligned, sheet-like structures in which waves are generatechlasma drift velocity, is presented in the magnetic field oriented
A cross section of such a wave-generating sheet is depictedystem used throughout the paper. The numbers in brackets are the
in Fig. 5, which also illustrates the relation between the mag_spacgcraft distances in the direction paralleBtpto the reference
netopause normal (from Minimum Variance Analysgog-  Satellite C3.

nerup and Scheible1998), the plasma drift velocity (from

CIS/HIA) and the location of the four Cluster satellites. In . I . )

the plane perpendicular tBo (the plane of the figure) the _to stripes found in Fig. 4. These sudden shifts confirm the
waves propagate out from the sheet. Assuming the sheet i|§1terpretat|on of the bands as at least three sheets of waves
drifting with the plasma velocity, the red arrows in Fig. 5 in- passing the spacecraft. _ )

dicate the waves to be observed before a sheet passes, whileASSUMIng that the sheet-like structures move with the
the turquoise arrows show the waves to be recorded after Rlasma velocity, we arrive at a consistent picture. The ion
sheet has passed. Hence, from the sketch we realize th@Pservations give a drift velocity afyitt=(—34, 63, 5) km/s

the passing of a sheet should result in a sudden shift in théom CIS/HIA on C4) in the magnetic field oriented refer-
recorded wave vector azimuthal angieln order to investi- ~ €nce frame depicted in Fig. 5. Hence, we expect a sheet
gate if such shifts can be observed, we invoke the remainind® fravel from C2 to C1 in about 0.3s and from C1 to C4
part of the results obtained by Means’ method. Verification!n 0-58. Consequently, the less clear shift observed by C2
of sudden shifts in direction of propagation would further (dashed line in Fig. 4) may be caused by the passing of the
strengthen the hypothesis of sheet-like structures. same sheet responsible for the very distinct change in propa-

The azimuthal angleg, is plotted versus time and fre- gation direction on_Cl (solid line), and C4 less than aseqond

quency in Fig. 6a (C1). To make it easier to interpret thelater. Also, the shlft_ seems to be observed by C1 fractions
results only two colors are used in the remaining panelsf @ second before it is detected on C4. All these observa-
red corresponds to waves preceding a sheet and turquoise 9N are consistent with a thin sheet of whistlers passing the
waves succeeding it. All sheets are assumed to be oriented &§tellites with the plasma drift velocity.

in Fig. 5. (The direction of the sheets is a free parameter, and Since the observations on C1 and C4 are very similar the
the chosen orientation, shown in Fig. 5, is the orientation thasheet extension parallel to the background field is likely to
best organizes the results of the Means analysis.) An abrug?e much larger than the spacecraft separation of 100 km. The
shift occurring simultaneously on all frequencies is obviousextension of the sheet in the plane perpendiculd@ge also

on C1 and C4, at the time of the low-frequency wave activ-larger than the spacecraft separation, but there are variations
ity. This is what we expect to see when a wave-generating®n this scale length since there are differences between the
sheet passes; the direction of propagation changes instant@bservations made by C1 and C2.

neously, independent of frequency. Apart from this evident Furthermore, if we assume that the low-frequency
shift, there is also a sudden change in the azimuthal angle cd~<50 Hz) emission observed by C1 and C4 corresponds to
inciding with the third of three bands of anti-parallel waves a sheet of wave generation moving with the plasma veloc-
observed by C1 and C4 (at 03:29:30 UT). On C2 we see ondty, we can estimate the width of the sheet. If we con-
clear shift (solid line), and we can imagine a less clear shiftsider the emission to be two seconds long, the sheet width is
five seconds later (dashed line), both corresponding to stripeaboutAL=100 km. This distance is equivalent to 3@,

in Fig. 4. Neither of these shifts in propagation direction co- (electron inertial lengths) or 0.43w),; (ion inertial lengths).
incide with the weak low-frequency<60 Hz) emission de- However, there are reasons to believe that the sheets, in fact,
tected by C2. Instead, the low-frequency waves on C2 arare even thinner. The very sharp switch in azimuthal angle
associated with a less clear band of anti-parallel propagation(cf. Fig. 6a) indicates a narrow sheet and referring to Fig. 3
which does not result in any visible shift in azimuthal an- there are evidence of structures on scale lengths considerably
gle. We conclude that all clear shifts in Fig. 6 correspondless than 100 km. We conclude that the observed sheets are
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The phase difference of a plane wave registered at two po-
sitions in spacer,; andr ;, is given by

@)

whered;; are the distances in the different directions between
the two positions, for instance;; | =2-(r;—r;) andky, k,
andk; are the components of the wavevector in the two per-
pendicular and the parallel directions with the respect to the
background magnetic field.

If we assume that the waves propagate mainly along the
background magnetic fielt=k| 2, the phase difference of a
plane wave registered at two positionsandr ;, is given by
Holmgren and Kintne¢1990

Ay =K (t; = 1)) =kydijx + kydijy + kydij

AY = kydij ) = S - @)

Uz
To arrive at the final expression we have used the parallel
phase velocityy;, given byw=v_kj.

To examine the phase differencesy) we compute the
cross spectra between tlhecomponents of the wave mag-
netic field observed by the different spacecraft. Figure 7
presents the cross spectral densitigs, 5./, plotted versus
phase and frequency. The phase of the cross speaymnis
equivalent to the averaged phase differeriege) ), between
the two recorded signals, up to an uncertainty of Dnly
correlations with C1 are shown since the phase difference be-
tween, for example, C2 and C3, can be derived from the cor-
relations between C1 and C2 and C1 and C3, respectively.
The coherences in the frequency range of interest are about
0.5, 0.5 and 0.9, respectively, and confirm a strong correla-
tion. The correlation between satellites C1 and C4 is most
obvious, which is expected since these spacecraft are almost
on the same field lines.

To estimate the phase velocity at 100 Hz we use Bj. (
and the observedAvr) to computev, for a few different
multiples of 2r. The calculations are indicated in Fig. 7.
All spacecraft agree only for an estimated phase velocity of
5.4-5.910% km/s anti-parallel to the ambient magnetic field.
The related wavelength is about 50 km. The phase velocity
obtained in this way is very close to the estimate found using

Fig. 6. The azimuthal anglep, versus time and frequency for the g/ p (5.103 km/s, cf. Fig. 2).

four spacecraft. The vertical lines in the panels for C1 and C2 cor-

The group velocity can be found noting that

respond to the lines in Fig. 4. Hence, the shifts in azimuthal angle

coincide with the centers of the bands of more anti-parallel waves. d(Ay)  dk p

= dij.|
i, - ’
Vg

do ~— do )

indeedthin in the meaning that the width is comparable to Wherev, is the group velocity, assuming parallel propaga-
electron scales.

6 Correlation and wavelength

tion. The correlation between C1 and C4 gives the most
clearly defined slope, and we use this satellite pair to esti-
matev,. We findvg~—10 000 km/s, which is about twice the
phase velocity. This fits nicely with a quadratic dispersion,
w=C-k?, which is expected for whistlers in this frequency
range.

The emissions observed by the different spacecraft are An alternative way to determine the wave vector (propaga-
clearly related. Cross-correlating data convincingly demon-tion direction and wavelength) is the wave distribution func-
strate this relationship and provide estimates of the phase veion (WDF) analysis $torey and Lefeuvrel 974 Storey and

locity and the wavelength at the same time.

Lefeuvre 1979 Storey and Lefeuvrel98Q Oscarsson and
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=32 v ——7200° kmis PN Table 1. The plasma model. All components are assumed to be
100l a A¢:—32°—3zeo°; v,=-5.910° km/S aC2 | Maxwellians. The model is based on PEACE and CIS observations.
AY=-320771860° v =-3.1110° km/s
% o S Species Density (c®)  Tj (eV) T (eV)
> 0 1
3 0 H+ 3.0 2000 2000
100t 3 o.0001 || e 2.6 40 10
[ 0.000316 e 0.4 400 400
(] 0.001
0 50 100 150 200
Frequency [Hz]
b . ClCS layer with two different electron components: The magne-
100l . tospheric high energy electrons are modelled as an isotropic
_ _ Maxwellian with a thermal energy of 400 eV. The low energy
= Ay=128° v =9.810° km/s 0 electrons originating from the magnetosheath are assumed to
4 0\ ap=128"-360° v =-5.410° km/s L ; o
3 e be anisotropic with a parallel thermal energy of 40eV and
v AY=128°-2[B60% v =-2.1(10° km/s 0 Lo
z N 00‘61 T/ T =4 (cf. Sect7). The protons (not shown in this paper)
~100 < | £ 0.000316 || are regarded as isotropic, with a thermal energy of 2 keV.
, N~ , . L= oon The computer code WHAMARGnnmark 1982 is used to
0 50 100 150 200 solve the dispersion relation for linear waves in the plasma
Frequency [Hz] described in Table 1. At a given frequency an existing wave
\) mode appears as a curve in wave vector space (cf. Fig. 8).
/C . [ Along such a constant frequency contour the polarization
100 ) \ Vy="9-87C107 m/s 1 varies. Hence, the polarization information contained in the
= Ag=123 1V =28007kM/S N\ observed wave fields (phase and amplitude relations between
5 0 > Ap=128 3607 v, =-1500" ks the different wave field components) can be used to localize
3 AY=123°-2[B60°% v =-5.8[10° km/s ) P -
v z the wave energy on this curve kispace. Reconstructing
-100 . 000t |- WDF is doing that in a systematic way.
\\ CJ o001 The WDF is related to the measured data through the spec-
0 0 100 150 200 tral matrix. Given a distribution of wave energy in wave vec-
Frequency [Hz] tor space, all spectral densities can be computed. The in-

verse problem, however, is underdetermined and we use a
Fig. 7. The contours show the distribution of cross spectral den-maximum entropy method to select a unique WDF, given an
sity, Sgy gy’ in frequency,f, and averaged phase differencay)  observed spectral matrix. The reader is referre@scars-
(®nxy). Data used are from the STAFF experiment. The crossson(1994 for details of the algorithm and t8tenberg et al.
spectral density is in units of (nﬁ'/)’ Hz. We have used a record (2002 for an application.
length of 256_ points and haye a\_/eraged over _101 time re<_:ords and \while WDF-analysis assumes a homogeneous plasma, the
'[WC.) frgquencnes. The total time interval used is 60, startmg fr‘?mevent we study is highly structured in the plane perpendicu-
03:29:00 UT. The top panel shows the result from correlating SI9ar to Bo. We still believe that the approximations made are

nals from C1 and C2, the middle panel displays the result from cor- ful si th i inl ek d
relating C1 and C3, and the bottom panel is produced correlating cpisetul since the waves propagaté mainly para goan

and C4. The coherences in the frequency range of interest are aboUt’e parallel scale length of the thin sheets is most likely much
0.5, 0.5 and 0.9, respectively. The phase veloeityis estimated at  larger than the parallel wave length obtained0 km).
100 Hz. A few possible values af, assuming a different number The result from a WDF-analysis is shown in Fig. 8. We
of multiples of 2r, are indicated in each panel. All spacecraft pairs have reconstructed the WDF on 100 Hz, using 2s of data
agree for a phase velocity of about 5.4-5@® km/s anti-parallelto  from C4 (03:29:20.5-03:29:22.5 UT). The top panel shows
Bo. The group velocity is determined only for the C1/C4 case. It the constant frequency contour in wave vector space. The
is inversely proporFionaI tq the slope of a straight line fitted to the ¢jrcle indicates the location of the peak in the WDF. The sec-
results and the estimate yield about 10 000 km/s. ond and third panels show the WDF versus (normalized)
and azimuthal anglep), respectively.

In short, the WDF-analysis is consistent with the Means
Ronnmark 1989. The idea of WDF-analysis is to use all analysis: The angle betweénandB is 170-175 and the
available polarization information in the data to reconstructazimuthal anglesy=100" (compare Fig. 4 and Fig. 6). This
the wave energy distribution in wave vector space. To thisgives credibility to both the WDF and the Means analysis.
end, a description of the plasma is required and Table 1 sum¥he reconstructed WDF in Fig. 8 peakscagb;+=25, giving
marizes the plasma model used. We assume a quasi-neutralparallel wavelength of about 50 km. Hence, reconstruc-
proton-electron plasma, with a plasma density of 3.0¢m tion of the WDF and correlation analysis independently give
(from WHISPER). The waves are observed in a boundaryroughly the same parallel wavelength.
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Fig. 8. (a) Constant frequency contour for the whistler mode at “

100 Hz ink-space. The wave vectors are normalized to the gyrora-Fig. 9. Electron flux versus time and energy for C4. The sudden

dius of the 2keV protons in thg mode_l, that ig; + =208km. The ._decrease in the flux of high energy (400 eV) particles (indicated by
parallel wave vectors are negative, which correspond to propagation

anti-parallel toBg. The peak of the reconstructed WDF is indicated. arrows) coincides with the most intense waves.
(b) WDF versusk | py+. () WDF versus azimuthal angle

flux, but in these directions the flux of the high energy parti-

cles is already low. The electron flux observed by C1 is very
similar (not shown). A sudden decrease in the high energy
electrons is also detected by C2 (not shown), but requires
some imagination to identify. In C3 data no such signature
can be recognized. Due to the limited time resolution of the
PEACE instrument, a time shift between C2 and C1/C4, in
accordance with the observations of the low frequency sig-
natures (cf. Fig. 3), is difficult to verify.

7 Electron signatures and connections to the magne-
topause

Although Cluster data reveal that whistler waves frequently
exist in the vicinity of the magnetopause, proof of a direct
link to the boundary is missing. However, electron obser-
vations provide additional information and invite to specula-

“022 ?)r(])iitce?jugltz?ge.arlier the whistler wave emission is ob- The disappearance Of_ the mggne_tospheric _electrons itself,
served in a boundary Ia;ller where magnetospheric and ma howgver,_allov_vs for an interesting interpretation. -Suppose

) . Qhe field lines in question are or have very recently been at-
netosheath plasma coexist. Figure 9 presents electron flu
versus time and energy for C4. Different panels correspon
to different pitch angle intervals. Prior to 03:31:10 UT, when

C4 crosses the magnetopause, there is a mixture of hot ma

ached to a reconnection site. Then the high energy particles
can escape through the “hole” in the magnetopause, which
the diffusion region constitutes. If this is the case, these field
$hes are directly coupled to processes at the magnetopause

netospheric and cold magnetosheath electrons. . :
At the time when the whistler wave generation region and provide the connection between the magnetopause dy-
namics and the observed whistler waves.

passes the spacecraft, an intriguing feature is seen in the elec-

trons: The magnetospheric (400 eV) particles almost seem to

vanish. This signature is marked by arrows in Fig. 9. Itisg8 Generating the whistler waves

most clearly seen in the second panel, but it is visible in all

three middle panels. Parallel and anti-parallel to the back-To further establish the link between the observed waves and
ground magnetic field there is no apparent change in electrothe magnetopause, we investigate which parameters govern
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Fig. 11. The dashed and solid black lines show frequency as a func-
1071 ‘ ‘ 1071 ; ‘ ‘ tion of parallel inverse wavelength for Model 1 and Model 2, re-
100 1000 500 1000 2000 spectively. The dashed green line is the damping rate versus
Etot [eV] Etot [eV]

for Model 1, where only th&)>T anisotropy is included. Damp-

ing (green solid line) and growth (red solid line) rates for the second
Fig. 10. Cross sections through the electron distribution function. model show that th&, >Tj anisotropy are able to generate the ob-
(a) The phase space density of electrons for angles parallel, antiserved waves.

parallel and perpendicular to the magnetic field. We see that for

electron energies ranging from 20-200eV, the phase space den-

sity is clearly larger parallel/anti-parallel than perpendicular to the netic field than perpendicular to it. The opposite is true at
magnetic field, whereas the opposite is true for energies of 200 eV-higher energies (200 eV-1 keV). Moreover, occasionally dur-

1 keV. The circles are observations while solid lines show the mOde'ing the wave emission we record an enhanced phase space

used.(b) Phase space density of high energy electrons for pitch angensity at oblique angles (electron conics) between 20-40 eV
gles 45, 9(° and 135. Data (circles) clearly shows that the phase (not shown)

space density is lower nearly parallel £3%han nearly anti-parallel S . . i
(135°). The model electron distributions for ®@nd 45/138 are In p_rlnCIpIe, both the temperature amsotropl_es can be re
included (solid lines). sponsible for wave growth. However, referring @Gary

(1993, we expect that in our case, with a very low plasgna

(the ratio between the plasma and magnetic pressures), only
Table 2. The second plasma model. All components are assumed tghe T, >T, instability will, in fact, work. To confirm this
be Maxwellians. The model is based on PEACE and CIS observagssumption we compare the stability properties of two dif-
tions. Compared to Model 1, we assume slightly less cold electrongarent models using the WHAMP code. The first model was
and introduce an inverse temperature anisotropy athigherenergie%resented and used in Se6tand takes into account only
the anisotropy at lower energies. Tallshows the second
model, where the anisotropy at larger energies are also con-

Species  Density ()  7j (eV) T (eV)

H+ 3.0 2000 2000 sidered. The modelled electron distribution is also included
e 2.4 40 10 in Fig. 10a for comparison with the observations.
e 0.6 400 600 The results from the WHAMP analysis are summarized in

Fig. 11. The solid and dashed black lines display the (real
part of the) frequency as a function ! for the two mod-
els. Only minor differences are seen. In the WDF analysis
the wave generation. Several different generation mechaperformed at 100 Hz, in Sed, only the real part is con-
nisms have been suggested to generate whistler mode wavsilered and, hence, the results obtained will be virtually the
in the bowshock/magnetopause regidrsyrutani and Ro- same regardless of which one of the two models is used.

driguez 1981 Tokar et al, 1984 Veltri and Zimbardg1993 The growth/damping properties are, on the other hand,
Sakai et al.2000, all involving anisotropic electrons as the very different for the two cases. For Model 1 the waves are
free energy source. damped throughout the frequency range of interest (green

The current case does not lack sources of free energydashed line), whereas for Model 2 the waves grow for fre-
Figure 10a shows cross sections through the electron distriguencies ranging from 60—300 Hz (red solid line). This is in
bution function at three different pitch angles (colored cir- almost perfect agreement with observations, where whistler
cles). For electron energies 20-200 eV the phase space demaves are observed from 60 Hz up to about 400 Hz. The pos-
sity is larger parallel/anti-parallel to the background mag- sible wave growth due to electron conics has also been tested,
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modelling the conic using a loss-cone distribution. We find
that such a model is not able to generate wave growth in a
broad frequency range for reasonable plasma parameters.

Model 2 is symmetric with respect to parallel and anti-
parallel propagation. To explain why we detect only anti-
parallel propagating waves, we need to consider the electron
distribution in closer detail. Figure 10b shows the high en-
ergy part of the distribution for three different pitch angles,
45°, 9® and 138. It is clear that the phase space density is
lower at 45 (blue circles) than at $0and 135 (green and
red circles), for the energies shown. The same tendency can
also be seen in Fig. 9.

To fulfill the resonance conditition, the generated waves
must propagate in the opposite direction of the electron
anisotropy responsible for their growth. Thus, as the
anisotropy is considerably larger nearly parallel to the field
than nearly anti-parallel, the waves should propagate anti-
parallel (away from Earth), as is observed. This observation
is also consistent with the speculation that the high energy

G. Stenberg et al.:

Electron-scale sheets of whistlers close to the magnetopause

- The anisotropic electrons observed in the whistler wave
region consitute the free energy needed to generate the
waves. The temperature anisotro@y & 7)) observed
at high energies (300 eV-1keV) results in an instability
that agrees well with the detected emission with respect
to the frequency range. Also, the observed anisotropy
is significantly larger parallel to the ambient field than
anti-parallel, consistent with picturing a “hole” in the
magnetopause through which hot electrons are lost. The
particles coming from the magnetopause (parallel to the
magnetic field) are affected the most and the resulting
waves are observed to propagate anti-parallel to the am-
bient field, as we expect.

- Although some of the fine-structure in this study is vis-
ible in the particle data, wave observations are a more
sensitive tool to investigate the smallest scale lengths.
Wave data reveal structures finer than can be resolved
by the particle instruments.

electrons are lost through a “hole” in the magnetopause. In
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