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Abstract. The terrestrial foreshock is characterised by the Although the beam particles are sufficiently energetic to
existence of large amplitude ultra low frequency waves. Theescape upstream and never re-encounter the shock, the waves
majority of such waves are observed to be left-handed in thepropagate at speeds much less than the upstream flow veloc-
spacecraft frame, but are in fact intrinsically right-handedity, and are, therefore, convected back into the shock regard-
and have been identified as fast-magnetosonic waves. Morkess of their propagation direction. The large amplitude of
rarely observed are waves that are right-handed in the spacéhe waves can directly affect the shock itself by causing

craft frame. Cluster four spacecraft observations of suchthe angle between the shock normal and the magnetic field to
waves are presented and analysed using multi-spacecrafary (Greenstadt and Mellott, 1985). Furthermore, the waves
techniques; in particular thefiltering/wave telescope tech- can be transmitted through the shock, where in the context of
nique is used. The waves are found to be left-handed anthe terrestrial bow shock, they may influence magnetospheric
propagating sunwards in the plasma rest frame, and arejynamics.

therefore, identified as Algnic. The convection of the The majority of upstream ULF waves are left-handed in
waves anti-sunward in the solar wind flow causes the obthe spacecraft frame of reference. This is defined with re-
served polarisation to be reversed. Generation mechanismspect to the magnetic field. These waves are intrinsically
are discussed. right-handed (i.e. fast-magnetosonic) and are attempting to

Key words. Interplanetary physics (MHD waves and turbu- propagate upstream, in the direction of the beam that gen-

lence; planetary bow shocks) — Space plasma physics (Wavgrated them. However, as explained above, they are con-
particle interactions) vected back towards the shock by the super-magnetosonic

solar wind (Le and Russell, 1994; Eastwood et al., 2002),
causing the observed reversal in polarisation.

Upstream waves that are right-handed in the spacecraft
frame have also been observed. Hoppe and Russell (1983)
i i i . identified in the ISEE dual spacecraft data set one interval
Itis now well understood that of all the ways in which a colli- ¢ 1y, 1ti_frequency shocklets/iwaves which could be analysed
sionless plasma shock is d|f.fe.rent. from its neutral gas COUNYyith two spacecraft. They concluded that since these waves
terpart, one of the most striking is that a small proportion had both left- and right-handed polarisations, the waves were

of the inflowing fluid is refle.cted at the shock to return up- 5 o mpination of Alfiénic and magnetosonic fluctuations. In
stream (e.g. Fuselier, 1994; Asbridge, 1968). The combinage,jie\s of foreshock research in the mid 1990s, it was clearly
tion of the inflowing plasma and the backstreaming particles,

stated that compared to the waves observed to be left-handed

upstream of the shock is unstable to a number of different, y,q soacecraft frame, the right-handed waves were not well

wave patrticle interactions (e.g. Gary, 1993). Momentum and, - jerstood (Le and Russell, 1994; Greenstadt, 1995).
energy are transferred from the beam to the bulk flow, via the Theoretically, two possibilities exist for the intrinsic mode

f;%ggg%?atgne?yItrlzlégwg;en?gz?g (Li;g)()\)’va¥ﬁz (rcggirg;]of waves observed to be right-handed. The first is that they
¢ ’ " "f il' ionl h K h. terised bare Alfvénic (left-handed) in nature and attempting to prop-

of space upstream of a coflisioniess shock characterise gate upstream, but are then convected downstream revers-

such particle distributions and wave activity is known as theing the observed polarisation. In this case they would most

foreshock. likely be generated by a resonant instability, produced by hot
Correspondence tal. P. Eastwood backstreaming ions (Gary, 1985). The second is that they are
j-p-eastwood@ic.ac.uk fast-magnetosonic (right-handed) in nature and propagating

1 Introduction
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Cluster Orbit year 2002 day 34 x—y GSE plane. Tetrahedron x200 magnetos_onic speed;, but are _Sti“ convected downstream,
6F ; ; ; ; = since their propagation speed is less than the solar wind
speed. SLAMS are, therefore, left-handed in the plasma rest
4r T ] 1
o frame. If they are sourced from the ULF wave field, one
o 2l )l might propose that they should be associated with waves ex-
D ol - hibiting similar polarisation properties.
>

With the launch of the 4 spacecraft Cluster mission, new
data is now available to address these and other questions
—4- o 5 10 15 20 concerning the dynamics of the shock and foreshock, as part

of its overall goal to study magnetospheric dynamics. Here,
we report on Cluster observations of a period of remarkably

x GSE, Re
Cluster Orbit year 2002 day 34 x-z GSE plane. Tetrahedron x200

=2y well-defined foreshock wave activity, where the waves are
o N observed to be right-handed in the spacecraft frame of refer-
 _6b ence.
§ 8 adl In Sect. 2, an overview of the data is presented. In Sect. 3,
N ol a wave analysis technique based on cross correlation timing
techniques is applied to the data (Eastwood et al., 2002). In
12 Sect. 4, the-filtering/wave telescope technique is applied to

0 5 10 15 20 the data. This technique has received considerable theoret-
’ ical attention and is one of the three main multi-spacecraft
Fig. 1. Cluster orbit on day 34, 3 February 2002. Projections of the analysis techniques (the others being the discontinuity anal-
Cluster 1 orbit in the: — y (top) andx — z (bottom) GSE plane are  YS€r and the curlometer). In Sect. 5, the results are drawn
shown. The spacecraft tetrahedron, magnifie200, is shown at ~ together, and possible generation mechanisms are discussed.
01:00 UT, 07:00 UT and 13:00 UT.

2 Overview of data

downstream, in which case the Doppler shift has no effect.
The proposed candidate mechanism for their generation ighe data analysed in this paper were taken on 3 February
the non-resonant firehose instability (Sentman et al., 1981)2002 (day 34). At this time, the mission phase was such
In both cases, the energy source causing the waves to grothat the separation of the spacecraft wa0 km. Figure 1
is the back-streaming particle beam. In the case oféify =~ shows the orbit of Cluster on this day between 00:00:00 UT
fluctuations, the waves propagate parallel to the beam. In thand 14:00:00 UT. The top panel is a projection in the y
case of fast-magnetosonic fluctuations, the waves propagatéeocentric Solar Ecliptic (GSE) plane, and the bottom panel
anti-parallel to the beam. a projection in ther — z GSE plane. The orbit of Cluster 1 is

More recently, Blanco-Cano and Schwartz (1997) usedshown. The spacecraft tetrahedron is shown at 01:00:00 UT,
single spacecraft AMPTE-UKS observations to determine07:00:00 UT and 13:00:00 UT, magnified by a factor of 200.
the properties of foreshock ULF waves. The data were used\t the start of the day, Cluster was located in the solar wind,
to calculate transport ratios, which were then compared to th@n the dusk flank of the magnetosphere, and during this in-
theoretical transport ratios of waves generated by cyclotrorierval, the spacecraft descended south under the ecliptic.
resonances as modelled by linear kinetic theory using “typ- Each Cluster spacecraft carries an identical Flux-Gate
ical observed values”. Intervals of right-handed waves wereMagnetometer (FGM) instrument to measure the properties
identified as being Alfénic. However, non-resonant interac- of the local magnetic field (Balogh et al., 2001). The three
tions were not considered and a number of caveats appliegpanels on the left-hand side of Fig. 2 show the magnetic field
It was not possible to evaluate the moments of the diffuse iormeasured by the FGM instrument on board Cluster 1 for the
distributions associated with the observed waves and it wagnterval 00:00:00 UT-14:00:00 UT, day 34, 2002, in GSE po-
noted that multi-spacecraft analysis was required for a mordar coordinates® is the angle relative to the axis in the
complete description. ecliptic plane, andp is the angle out of the ecliptic). The

It has been proposed that the wave field plays an impordata is shown at 4 s (spin) resolution; differences between
tant role in the structure of the shock itself and that as thethe four spacecraft are indistinguishable on this scale. Clus-
waves approach the shock, they grow and steepen, formter was initially in the solar wind, entering the foreshock just
ing so-called Short Large Amplitude Magnetic Structures before 04:00:00 UT. At just before 05:00:00 UT, Cluster en-
(SLAMS). These structures then coalesce to form the shoclkountered the bow shock, which exhibited an extended and
surface (Schwartz and Burgess, 1991). However, many dedisordered structure. The spacecraft entered the magneto-
tails of the mechanism remain unresolved. In particular, it issphere at approximately 09:15:00 UT.
noted that SLAMS are typically observed to be right-handed The four panels on the right-hand side of Fig. 2 show the
in the spacecraft frame of reference (Schwartz et al., 1992)nagnetic field measured by the Cluster 1 FGM instrument
and are propagating upstream into the solar wind at superfor the interval 04:00:00 UT-04:10:00 UT, at a resolution of
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3 Fsebruary 2002, Magnetic Field Measured by FGM, Cluster 1
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Fig. 2. FGM Cluster 1 data for day 34, 3 February 2002. The three left-hand panels show the data for the whole interval in GSE polar
coordinates. The four right-hand panels show the interval 04:00 UT-04:10 UT. The time seti&s(&p), B., By, B, (bottom).

22 vectors/s. From top to bottom on the right-hand side, thevariance direction. The cross signifies that the average field
time series of B|, By, B, and B; are displayed. During this is directed into the page. The solid dot on the trace indicates
interval, the orientation of the magnetic field was such thatthe start point of the hodogram. It can be seen that for all
the spacecraft were magnetically connected to the shock anthe spacecraft, the trace follows a clockwise path. Since the
located in the foreshock. The time series recorded by theaverage field is directed into the page, this means that these
FGM instruments on the other three spacecraft are identicalvaves are right-handed with respect to the magnetic field in
on this scale, but offset in time, due to the motion of the phasahe spacecraft frame of reference.
fronts in the spacecraft frame. The waves are exceptionally The bottom two panels show the orientation of the four
well defined, with very low turbulent noise. Therefore, de- minimum variance directions (solid lines) and the average
spite the fact that the time offsets between the four time seriesnagnetic field direction (dotted line) in GSE. The four solid
are fairly small, ¢-1/3 s given the spacecraft separation), thelines are indistinguishable, indicating that the MVA applied
definition of the wave form allows the analysis to proceed.to each of the spacecraft gives very similar results. It can
During the interval, the solar wind speed was of the order ofalso be seen that the waves are not field-aligned, according
400 kms'L. to this analysis. The average magnetic field is inthg — y

The polarisation of the waves in the spacecraft framedirection, which, given the location of Cluster on the dusk
can be identified by applying Minimum Variance Analysis flank of the bow shock, meant that Cluster was magnetically
(MVA) to the magnetic field time series. For circularly po- connected to the bow shock, as mentioned above.
larised waves, the minimum variance direction may be iden- Both single and dual spacecraft analysis fundamentally
tified, with a 180 ambiguity, as the direction of propagation rely on MVA to determine the orientation of the waves. How-
of the wave (e.g. Song and Russell, 1999). MVA was appliedever, the method is limited to waves that are strongly circu-
to a short interval of wave activity (3 cycles) 04:04:00 UT- larly polarised so that degeneracy between the intermediate
04:04:30 UT at each of the four spacecraft and the datand minimum variance directions is avoided (Song and Rus-
was transformed from GSE coordinates into the minimumsell, 1999). An important point also to bear in mind is that
variance coordinate system. The results are summarised ialthough the MVA results are consistent between the four
Fig. 3. The top four panels show hodograms derived fromspacecraft, it is possible that they each suffer the same sys-
each of the four spacecraft time series. In each case, theematic errors and that the MVA result does not necessarily
minimum variance direction is directed out of the page. Thecorrespond to the true wave orientation. However, the use-
symbol in the bottom right corner of each plot shows the di- fulness of MVA in revealing the polarisation of the waves is
rection of the average magnetic field relative to the minimumunaffected.
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4: 4: 0- 4: 4:30 MVA Analysis (approximately) aligned to the field. A less computation-
= = ally intensive technique has been developed by taking this
g 5 g into account, which has been applied to the analysis of
g § 0 fast-magnetosonic foreshock waves (Eastwood et al., 2002;
g 5 g 5 Mazelle et al., 2002). The method is briefly restated here.
$-10 ¢ $-10 & Itis assumed that there is a single wave mode, and that the

—Bl?n aximug - C110 —é& aximug) - Céo phase front is planar on the scale of the spacecraft separation.
g poimemuml el = : It is also assumed that the phase front is moving at constant
:f 5 Lg speed. If spacecradt located atR,, encounters a phase front
g 0 § 0 att,, then given a plane wave with frame invariant unit di-
8 5 g 5 rection of propagatioikt, and spacecraft frame phase speed
£-10 & &-10 &) v,n, We can construct the following equations.
-10 0 10 -10 0 10
B(maximum), nT C3 B(maximum), nT C4
1 1 (Rg—R1) -k=vp (tg—11) B=234, @)
L w .
é" 0 / § 0 '~ Vph = Vpi k. )
100 1 100 1 By inverting these equatiorisandv,;, are found. The phase
x GSE x GSE speed in the plasma frame,,;, is then calculated by sub-

Fig. 3. MVA analysis for the interval 04:04:00 UT-04:04:30 UT, tractingvy, -k fromv,;. The time lags are calculated by
The top four panels are hodograms derived from each of the fouCroSS-correlating the spacecraft time series. This automati-

spacecraft. The cross symbol indicates that the average magnet@lly centres on the largest features in the data, and washes

field is directed into the page. The dot on the trace indicates theout any effects due to smaller sub-cycle variations. If neces-

start point. The bottom two points show the orientation of the four sary, the data can be filtered to remove high frequency noise

minimum variance directions (solid) and the magnetic field (dotted) (of physical origin), although this should be done with care,

projected into ther — y (left) andx — z (right) GSE planes. particularly when analysing short intervals of data. In this
case, data filtering was not carried out, given the very low
noise level in the data.

In single spacecraft data analysis, very often it is ambigu- This technique was applied to the interval 04:02:30 UT-
ous as to whether the observed variations are spatial or ten94:10:00 UT. In this analysis solar wind moments con-
poral in nature. In order to resolve this satisfactorily, at structed from measurements taken by the HIA/CIS instru-
least four spacecraft are required to sample the plasma. Esnent on board Cluster 1 were usede(®e et al., 2001).
sentially, one spacecraft can be considered to make referfhe moments of the full 3-D distribution are calculated on
ence measurements, while the other three make simultanéyoard, and are downlinked at 4-s resolution. In the plasma
ous Comparative measurements in Iinearly independent direst frame, these waves were found to propagate d?oﬁg
rections. Consequently, four spacecraft are sufficient to chargp 93019 — 0.32) with a phase speed of 33 kms at an an-
acterise the local spatial structure of the plasma at any mogjle of ~2° to the field. Furthermore, the wavelength of the
ment. A number of techniques derived from this basic princi-waves was estimated to be 3400 km.
ple are described in the book edited by Paschmann and Daly The Alfven speed was estimated to be 26 kiand the
(1998) and references therein. In particular, of most inter-sound Speed 104 kmé On the basis of this analysiS, the
est in this work is thd('f”teringlwave telescope teChnique waves are attemptmg to propagate upstream' but are con-
(Pingon and Motschmann, 1998). This technique is ideallyyected downstream in the solar wind flow. Their intrinsic po-
suited to the analysis of the data presented here. Howevefarisation is, therefore, left-handed, and the waves are identi-
before applying this technique, a less computationally intenijed as Alf\enic.
sive method was used to make a preliminary analysis. As a consistency check, the same analysis was applied

to shorter intervals of data. The interval 04:02:30 UT-

04:10:00 UT was split into ten 45 s intervals. Given that the
3 Analysis of wave modes period of the waves was 10 s, each interval contained approx-

imately 4 cycles. The results of this analysis are shown in
Before applying the-filtering/wave telescope technique, a Table 1.
simpler method was used to analyse the dak&filtering For each interval, the phase speed in the plasma rest frame
is designed to resolve waves of the same frequency propaand the direction of propagation were calculated. In addition,
gating in different directions with different wave numbers. the Alfvén and sound speeds were estimated. The conclusion
However in this case, the symmetry of the problem is bro-(F = fast magnetosonic, A = Alenic) was based on consid-
ken by the magnetic field and the fact that the wave growtherations of the propagation speed and the polarisation. Of the
is anisotropic. In particular, waves are expected to growl0 intervals, 7 were consistent with the conclusion that the
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Table 1. Results of the cross-correlation wave analysis technique applied to ten consecutive 45s intervals between 04:02:30 UT and

04:10:00 UTw,, is the phase speed in the plasma frame

Start Time vy k Opr Vs Cs Conclusion

04:02:30 -145 [0.680.71-0.16] 159 27 92
04:03:15 -193 [0.740.64-0.20] 171 27 92
04:04:00 59 [0.900.22-0.39] 147 30 95
04:04:45 38 [0.890.16 -0.42] 156 24 97
04:05:30 41 [0.91-0.36-0.21] 142 23 98
04:06:15 69 [0.92-0.01-0.38] 173 32 104
04:07:00 31 [0.93-0.26-0.27] 162 24 105
04:07:45 -38 [0.96-0.16-0.24] 174 27 111
04:08:30 7 [0.800.55-0.24] 127 39 117
04:09:15 39 [0.96 -0.050.29] 144 27 124

>>>>>>>7m

waves are Alfenic and propagating upstream in the plasmavariations of both the electric and magnetic fields. This was
rest frame, in agreement with the analysis of the whole interfurther modified by Motschmann et al. (1996), who adapted
val. the method to use only the magnetic field data. We do not
Having analysed the waves using this method, the datawvish to discuss the mathematics of the method here; the in-
were then analysed using thdiltering/ wave telescope tech- terested reader is directed to Pingon and Motschmann (1998)
nigue. This is a powerful and widely applicable technique and references therein. We simply note that the four space-
designed to reveal the simultaneous existence of multiplecraft time series can be combined to estimate the distribution
wave modes in field time series. of field energy density as a function efandk. Usually, a
specific frequency is identified by Fourier transforming the
data and th& space is then scanned to find the maxima of
4  k-filtering/wave telescope analysis of the wave interval - the distribution. The method has been tested extensively,
and it has been found that up to 7 different superimposed

Before the launch of Cluster, significant efforts were made, 4 es, each with the same frequency, can be distinguished

in the development of multi-spacecraft analysis teChn'q“eS(Motschmann etal., 1996)

Dunlop et al. (1988) were the first to propose a technique . b ' . .
] . . _ The k-filter/wave telescope technique was applied to the

based on multi-spacecraft analysis to determine the PO terval 04:02:30 UT-04:10:00 UT, using data from all four

ties of waves. In this method, termed the wave telescope, the ) .
P Spacecraft at 22-Hz resolution. The data were Fourier trans-

properties of waves would be determined by examining the

. . rmed and the frequency carrying the most power was esti-
relative phases of signals at each of the spacecratt. Neubau{egated to be 0.11 Hz in the spacecraft frame.

etal. (1990) and Neubauer and Glassmeier (1990) further de- ="~ _ R . .
veloped this idea by proposing the use of linear filter theory, USing the technique, the distribution of field energy in the
in combination with the known theoretical properties of the k Space for this frequency was calculated. Small-scale struc-
wave modes, to decompose 4 spacecraft wave measurementt§€ in the magnetic field time series would correspond to
into a series of superposed plane waves. powers at much higher frequencies, and so this technique

Fundamentally, the aim of the analysis is to determine howconcentrates solely on the dominating low frequency compo-
the field energy density is distributed as a functiomadind ~ Nent that is of interest. A single maximum in the d|str|put|on
k: peaks in this distribution correspond to perturbations ofWas found ak = [—0.002— 0.000667000033 km~*. Fig-
particular frequency and wave number. Given an infinite Ure 4 shows this distribution in thie = 3x 10~*m~* plane.
number of measurement points in space, Fourier inversiond e peak in the field energy density is clearly visible at the
would allow thew-k domain to be mapped completely, and @PPropriate location in the, — k, plane.
the distribution of field energy could then be determined ab- The unit direction of propagation was calculated to be
solutely. However, in the case of Cluster, we are limited to 4(—0.937 —0.313 0.156), and the phase speed of the wave
measurement points in space. in the spacecraft frame was calculated to bef(p/ | k |=

A statistical formalism has been developed that uses thé24 kms1. To determine the phase speed in the plasma rest
data from a finite number of sampling points to estimate theframe, the Doppler shift,,, - K must again be included, giv-
distribution of field energy density as a functioneefindk; ing a phase speed in the plasma rest frame-28 kms ™.
this was originally developed in response to problems in seisThe wave is propagating upstream in the plasma rest frame
mology and sonar (e.g. Pillai, 1989 and references therein)but is swept downstream in the solar wind flow. It must,
Pincon et al. (1990) applied these techniques to the problentherefore, be left-handed in the plasma rest frame, in order
of plasma waves, developing a technigue which included theo be observed as right-handed in the spacecraft rest frame.
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4:2:30UT - 4:10: OUT, k=3.0e-004 km™* plane, f30.110 Hz
x10

=

Fig. 4. Results of thek-filtering/wave
telescope analysis for the interval
04:02:3 0UT-04:10:00 UT, at a fre-
quency of 0.11 Hz. The plot is shown

‘ inthek, = 3 x 10-*km~1 plane. The
peak in the power is seen at the appro-
priate location irk, andky.

Table 2. Summary of results for the interval 04:02:30 UT-04:10:00 UT

Cross-correlation k-filter/wave telescope

Plasma Frame Phase Speed (kf)s 33 23

Direction of Propagatiorfg [0.930.19-0.32] [0.940.310.16]
Wavelength (km) 3400 2900

Plasma Frame Frequency—és) 0.05 0.06

V, =26kms C; =104kms!, Q@ =026s1

The results of th&-filter/wave telescope are consistent with comprehensive review of the properties of energetic ions in
the cross-correlation timing method. the terrestrial foreshock). Of particular relevance to this work
are the so-called diffuse ion distributions, characterised by
relatively low drift velocities, and high temperatures (i.e. a
5 Discussion large spread in the pitch angle distribution), with a high en-
ergy tail to the distribution. Of all types of beam observed
The cross-correlation wave analysis technique andkthe in the foreshock, the diffuse beam is the best candidate for
filtering/wave telescope technique have been applied to 4enerating left-handed waves via resonances.
spacecraft Cluster observations of ULF waves upstream of |n order to understand this further, it is necessary to look
the bow shock in the foreshock. The results are summariseg the distributions associated with the observed waves. Fig-
in Table 2. Note that the angular ion gyrofrequency is quotedyre 5 shows energy spectrograms produced from measure-
It is clear that the two techniques give consistent resultsments taken by the CIS instrument on board spacecraft 3 be-
despite their different approaches. On the basis of these raween 04:00 UT and 04:10 UT, the same interval as in Fig. 2.
sults, it is concluded that these waves are Aific in nature.  The top panel (panel 1) shows the spacecraft mode. Dur-
Of immediate interest is the mechanism by which theseing this interval, the instrument mode was such that the HIA
waves are generated. It is proposed that the left-hand resanstrument sampled the plasma equally in all directions (for
nant ion beam electromagnetic instability is responsible. Indetails of the modes and implications for the data products
this mechanism, the left-handed wave resonates with ionghe reader is advised to consukiRe et al., 2001). Panels 2,
moving opposite to that with the net drift. However, for the 3, 4 and 5 show the fluxes for all ion species in the sun-
growth rate to be significant, the beam thermal speed musivard, duskward, earthward and dawnward look directions,
be at least as great as the beam drift speed. as measured by HIA. In panel 2, the solar wind corresponds
A number of different types of beam distribution have beento the continuous flux at-1000 eV. It can be seen that af-
observed in the foreshock (e.g. Fuselier, 1994, provides d@er 04:02:30 UT, there are significant fluxes of ions in all
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Fig. 5. Energy spectrogram from CIS s/c 3, 04:00 UT-04:10 UT, day 34, 2002. Panels 2, 3, 4 and 5 show the fluxes for all ion species in the
sunward, duskward, earthward and dawnward look directions. The waves were observed after 04:02:30 UT, and are associated with a diffuse
energetic ion population.

look directions at energies extending to above 10 keV. Thiscorrelation timing technique washes out small-scale varia-
is a characteristic signature of diffuse ion distributions, and,tions, since the timing is based on the largest features in the
therefore, is consistent with the overall picture we have out-time series. Thé-filtering/wave telescope treats the signal
lined. Future work is planned to determine the properties ofas a Fourier superposition of waves, and the Fourier compo-
the diffuse beam, and to determine the growth rates of thenent carrying the largest power has been analysed. A study of
left handed resonant instability. sub-cycle variations, which may reveal small-scale structure

. , . at higher frequencies, is currently underway.
In this work, we have analysed the properties of the sig-

nal which carries the vast majority of the power. The cross- To conclude, an interval of waves exhibiting right-handed



1464 J. P. Eastwood et al.: ABn waves in the terrestrial foreshock

polarisation in the spacecraft frame has been observed bgreenstadt, E. W,, Le, G., and Strangeway, R. J.: ULF Waves in the
Cluster. This data has been analysed using two different Foreshock, Adv. Space Res., 15, (8/9)71—(8/9)84, 1995.
multi-spacecraft techniques. The results of both analyse$loppe, M. M. and Russell, C. T.: Plasma Rest Frame Frequencies
suggest that these waves are intrinsically left-handed, at- and Polarisations. of the Low Frequency Upstream Waves: ISEE
tempting to propagate upstream but carried downstream in 12nd 2 Observations, J. Geophys. Res., 88, 2021-2028, 1983.

the solar wind flow, and, therefore, Aimic. Theoretically, ~-6: G- @nd Russell, C. T.. The Morphology of ULF waves in
such waves can be generated by sufficiently hot ion beams
corresponding to diffuse ion distributions in the terrestrial

the Earth’s Foreshock, in: Solar Wind Sources of Ultra-Low-

’ Frequency Waves, AGU Monograph 81, Washington D.C., 87—

98, 1994.

foreshock. Examination of energy spectrograms reveals thajiazelle, C., Meziane, K., Grau, Le, D., Wilber, M., Eastwood,
these waves are observed in association with diffuse ion dis- 3. p., Rme, H., Sauvaud, J. A., Bosqued, J. M., Dandouras, .,

tributions. Further work is planned to compare the theoretical
growth rates with the observed properties of the ion distribu-
tions.
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