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Abstract. On 23 March 2002, the four Cluster space- the magnetosheath to the Earth’s magnetosphere. Solar
craft crossed in close configuration100 km separation) the wind particles can directly access to the ionosphere through
high-altitude (1QRg) cusp region. During a large part of it. The magnetic reconnection process in an open mag-
the crossing, the STAFF and EFW instruments have detectedetosphere model creates newly-opened field lines that are
strong electromagnetic wave activity at low frequencies, espopulated with magnetosheath ions and convected across
pecially when intense field-aligned proton fluxes were de-this region under southward(ngey 1961 or northward
tected by the CIS/HIA instrument. In all likelihood, such (Dungey 1963 IMF (Interplanetary Magnetic Field). The
fluxes correspond to newly-reconnected field lines. A fo- high-altitude cusp is adjacent to the magnetosheath and thus
cus on one of these ion injection periods highlights the in-closer to reconnection sites than lower altitude cusp re-
teraction between waves and protons. The wave activity hagions. After a few crossings by the HEOS spacecraft, provid-
been investigated using the k-filtering technique. Experimending a first description of the high-altitude cudpaschmann

tal dispersion relations have been built in the plasma frameet al, 1976, Gurnett and Frank1978, using Hawkeye 1

for the two most energetic wave modes. Results show that kidata, highlighted that magnetic fluctuations in the ultra-low-
netic Alfvén waves dominate the electromagnetic wave specfrequency range are an indicator of this region. The POLAR
trum up to 1Hz (in the spacecraft frame). Above 0.8 Hz, spacecraft, with its highly elliptical orbit, first surveyed this
intense Bernstein waves are also observed. The close simutegion up to R g (Earth radii) in detail. From this spacecraft
taneity observed between the wave and particle events is disdata, various kinds of waves have been identified in this re-
cussed as an evidence for local wave generation. A mechagion, such as whistler waves and sinusoidal bursts in the low
nism based on current instabilities is consistent with the obfrequency rangeRickett et al.2001). This activity occurs on
servations of the kinetic Alfén waves. A weak ion heating a broad-band scale and similar spectral properties are found
along the recently-opened field lines is also suggested fronin the high-altitude cusp as in the surrounding regions, such
the examination of the ion distribution functions. During an as the low-latitude boundary layeFgurutani et al.1998.
injection event, a large plasma convection maotion, indicativeln the ULF range, electromagnetic waves around the local
of a reconnection site location, is shown to be consistent withproton cyclotron frequency with highly variable properties
the velocity perturbation induced by the large-scale @ffv are seen in and around this cusp regibe €t al, 200J).
wave simultaneously detected. This wave activity has been linked with two major processes:

Keywords. Magnetospheric physics (Magnetopause, Cus §trong field-aligned flows of particles and counterstreaming
AN d P phy (Mag b ns (Le et al, 2001). The first one could correspond to

and boundary layers; Plasma waves and instabilities) —Spadé’ AT f . . . Th
plasma physics (Wave-particle interactions) ion injections from magnetic reconnection sites. e spe-

cific distribution functions formed at such locatiozofvley,
1982 can be a source of free-energy which could explain
wave generationBingham et al. 1999 along the newly-
reconnected field lines. The second process, counterstream-
L . ing ions, is expected on open field lines some time after
The cusps, supposedly located on open magnetic field lines . . . .
are key regions for transfer of mass and momentum fromrbconnectmn ar?d Is favourable to wave apparitiblykyri
et al, 2003. Pickett et al.(200]) suggested that part of
Correspondence tdB. Grison the wave activity observed in the high-altitude cusp region

(benjamin.grison@cetp.ipsl.fr) could be generated at the reconnection site, too. In particular,

1 Introduction
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the Alfvénic perturbations that originate from the reconnec-data the STAFF-SC data. The three-axis search coil mag-
tion site Haerendel et al.1978 could propagate along the netometer that constitutes part of the STAFF experiment is
newly-opened flux tube into this region. not able to measure fluctuations at frequencies lower than
The Cluster mission permits one to explore extensivelyabout 0.1Hz. Also, a Doppler shift a£0.25Hz, due to
this high-altitude cusp region with the unigue opportunity the 4-s spin of the spacecraft, distorts the magnetic compo-
given by the four spacecraft to decouple spatial and temponents measured in the plane perpendicular to the spin axis.
ral effects. Nykyri et al. (2003 found clear peaks around STAFF-SC measurements of low frequency magnetic field
the local proton gyrofrequency without any correlation be- fluctuations (frequencies lower than about 0.35 Hz) are thus
tween spacecraft signals while separated by 600 km. Theyot accurate. The low frequency counterpart of the magnetic
concluded that waves are generated locally due to shearefiuctuations are provided by the Flux Gate Magnetometer ex-
plasma flows. With a study on the direction of the Poynting periment (FGM) Balogh et al. 2001). The CIS instruments
flux below and above the proton gyrofrequenByndkvist  (Réme et al. 2001 measure full 3-D ion distribution func-
et al. (2005 also concluded that there is local wave genera-tions and moments (density, bulk flow velocity, temperature)
tion along the field lines. at a time resolution up to the spin period. In this paper, we
At low altitudes, in the cusp as in the nearby auroral re-use the Hot lon Analyser (HIA) data, which does not resolve
gion, wave and particle interactions have been frequentlyion species but has high energy and angular resolution. The
studied (e.gBouhram et a].2003. lon beamsCattell etal,  IMF is provided by the ACE spacecraft that orbits at the L1
2002, temperature anisotropyAqdré et al, 1986 and ve- libration point.
locity shears ltakhing 1990 are plasma instabilities com-
monly observed. Bernstein modes and Alfvmodes ob- 2.2 Orbit
viously interact with particles in this regiofKiptner et al,
1986 Chaston et a).2004. Broad-band extremely low- ©On 23 March 2002 the Cluster spacecraft crossed the high-
frequency (BBELF) waves — observed with Adfiv waves -  altitude cusp from the northern lobe to the magnetosheath.
are associated with the most common types of oxygen heatThis cusp crossing has also been studied_ayraud et al.
ing (André et al, 1998. Electromagnetic waves in the top (2004. The outbound trajectory, approximately in the
ionosphere are often told to originate from higher altitudesmidnight-noon magnetic meridian, was mainly sunward.
(e.g.Le Queau and Royx1992. This idea is partly con- Figurel shows the Cluster spacecraft 1 orbit from 09:00 to
firmed by the simultaneous observations of aific elec- 12:30 UT (black marks), with magnetospheric field lines de-
tromagnetic activity in the high-altitude cusp region and of rived from the T89 modelTsyganenkp1989. The space-
ionospheric convectiorFarrugia et al.2004). craft tetrahedron projection in the noon-midnight plane is
Here we study the cusp crossing that occurred on 23 Marctghown at 09:00 and 12:30 UT. The intercraft separations dur-
2002 when the Cluster fleet was in close configuration in theNg the crossing were about 100 km and, for the sake of visi-
cusp region (100 km of intercraft separation). After introduc- Pility, are enlarged by a factor of 100 in Fif.
ing instrumentation and interplanetary magnetic conditions,
we present a general overview of this crossing (S&ctin 2.3  Interplanetary conditions
Sect.3, we discuss the correlation between strong ion injec-
tion events and ULF magnetic activity. A focus on one of Figure2displays the IMF measured by ACE. The IMF clock
these events highlights these correlations and suggests thafgdle, the three GSM components, and the IMF modulus are,
wave-particle interaction takes place in the cusp. Then weespectively, plotted from bottom to top. The data have been

present in Sect the wave mode identification by means of Shifted by 57 min forward to account for the solar wind con-
the k-filtering analysis. Finally, we discuss our results, in Vection time from ACE to the Cluster location. This shift

order to explain the presence and origin of these modes. IS estimated with the mean bulk antisunward velocity in the
considered time interval and before 11:50 UT (shifted time
on Fig.2). At this time, there is a strong and abrupt increase

2 Observations in the IMF (up to 12nT), associated with a sudden enhance-
ment of the solar wind density and bulk velocity, which could
2.1 Instrumentation be a signature of an interplanetary shock. This shock is seen

later in the FGM data, around noon (not shown), when Clus-
The plasma wave and particle data presented below havter has already reached the magnetosheath. This is why the
been measured by several instruments on board Clustetime delay has been computed in averaging velocities before
Three magnetic components of the waves are measured Wjat shock. The same shift is used during the crossing.
the Spatio Temporal Analysis of Field Fluctuations (STAFF) Before the shock the field magnitude is almost constant
experiment Cornilleau-Wehrlin et a).2003. Two electric  (around 4 or 5nT). The IMF is northward, except dur-
components are measured in the spin plane by the Eleang three intervals: between 10:37 and 10:47 UT, between
tric Field Wave (EFW) experimenQustafsson et gl2001). 10:51 and 11:01 UT and between 11:38 and 11:51 UT. Until
These two instruments provide for this study waveform datal0:35 UT the clock angle is less than 30 deg, which means
at a sampling rate of 25 Hz. Let us call the STAFF waveformthe B, component dominates during this interval. TBg
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Fig. 1. Cluster spacecraft orbit between 09:00 and 12:30 UT on
23 March 2002, projected on th&,,,, Zgsm plane. The field lines

have been computed from the T89 model. The yellow lines are thq:ig_ 2. Lagged IMF measured by ACE spacecraft. From top to bot-
inner mag_netosphere Imes_, at 11:40 UT, whereas the black ones a8m, in GSM (Geocentric Solar Magnetospheric) coordinate sys-
tk_u_a field lines tha_t are going through the SC_l (black marks) PO-tem. the solar magnetic field magnitude, they and z magnetic
sition every 30 min. The constellation, following the Black-Red- components and the clock angle (arci@yy B.)) are displayed be-

Green-Blue (BRGB) colour code (respectively, for spacecraft 1, 2,y een 09:30 and 12:00 UT. The calculated delay between ACE and
3 and 4), has been plotted at 09:00 (BRGB crosses) and at 12:30 U§, ster is 57 min.

(BRGB squares). The inter-spacecraft separation centred around
SC1 has been enlarged one hundred times. The green line indicates
the part of the Cluster orbit that has been identified in the cusp.
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and integrated over the 1-10Hz frequency range (STAFF-
SC) (panel e), the dynamic power spectra of the magnetic
is really dawnward (negative), between 10:30 and 11:15 UT/ield fluctuations derived from the STAFF-SC data (FFT have
and after 11:32 UT. OtherwiseB,| remains low (less than Peen performed on intervals of 512 points, giving an about
2nT). The B, component fluctuates betweer? and 2nT  20-S time resolution of the dynamic spectra) (panel f), the
until 11:02 UT. Then it becomes directed sunward (positive).Pitch angle spectra of the ions (HIA) (panel g) and the dy-

It is worth noticing that the reconnection process at anti-namic power spectra of the electric field (EFW) (panel h).
parallel merging sites is likely to occur in the lobes when Because of the lack of EFW data on board SC1, we use those

the IMF is northward, i.e. during the major part of cross- On board SC4. The comparison between these two data sets
ing. As long as the clock angle is close to 0 deg, mainly until IS rélevant at a time resolution of about 20 s. Indeed, the com-

10:37 UT, the anti-parallel merging sites are expected to barison of the FGM data between the four spacecraft, on the

located poleward of the spacecraft. time scale of 20 s, shows almost identical fluctuations, as the
spacecraft are separated by only 100 km.
2.4 Overview of the Cluster data First, the spacecraft are possibly in the high-latitude

boundary layer (HLBL), which is characterized by a very
Figure 3 displays an overview of the wave and ion data ob- small plasma density but magnetosheath-like ions. At
tained by SC1 during the 10:00-11:54 UT interval. From top 10:10 UT, the spacecraft enter in the distant polar cusp where
to bottom, one sees, the ion plasma density (HIA) (red curvea strong magnetic depression (down to 15nT, panel a) and
panel a) and the magnetic field intensity (FGM) (black curve,magnetosheath-like ions are detected (distribution centred
panel a), the Alfen velocity (red curve, panel b) and the around 800eV, panel c). The magnetic field (panel a) dis-
SE /5B ratio (black curve, panel b) derived from the power plays high levels of typical cusp fluctuations between 10:45
of the fluctuations measured by STAFF-SC and EFW overand 11:20 UT. The ion flux and the density (respectively, pan-
the range 0.35-2Hz , the energy spectra of the ions (HIA)els c and a) progressively increase in the cusp until 10:16 UT.
(panel c), the parallel (black) and perpendicular (red) com-Then they remain almost constant. The parallel flow ve-
ponents, with respect to the magnetic field (as all following locity (panel d) is mainly directed earthward (positive) un-
references to parallel or perpendicular component), of theil 10:55 UT. Additional observations can be made from the
bulk flow velocity (HIA) (panel d), the power of the mag- inspection of the pitch angles of the ions during this pe-
netic field fluctuations averaged over its three componentsiod (panel g): one can notice the alternation of two distinct
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Fig. 3. Overview of the cusp crossing on 23 March 2002. The data are provided from various instruments on board spacecraft 1, except EFW,
whose data are taken from SC4. Pafaldisplays the DC magnetic field given by FGM (black curve) and the density derived from HIA

(red curve). Pandb) displays theS E/§ B ratio (black curve) and the Aln velocity derived from HIA and FGM data (red curve). Panel

(c) displays the ion energy spectrogram (HIAJ) the parallel component of the bulk flow velocity (HIA) (black curve) and the norm of
perpendicular component (red curve). Pae¢khows the power of the magnetic field fluctuations integrated between 1 and 10 Hz (STAFF-
SC), () the time frequency spectrogram of these fluctuations (STAFF{8The ion pitch angle spectrogram (pitch angles are calculated

in the spacecraft frame over the [100, 1000] eV energy range) (HIAXlnthe time-frequency spectrogram of electric field fluctuations
(EFW). Time interval between those panels is coloured in blue (red) for a northward (southward) IMF.
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regions, a region being characterized by a strongly asymmet3 Correlation between wave and particle events
ric distribution of the pitch angles with ions moving mainly
earthward (low pitch angles) and another region being char3.1  Correlation over the whole cusp crossing
acterized by a fairly isotropic pitch angle distribution of the
ions. The parallel velocity (panel d) turns to negative from Let us first examine the ULF power, on panel (e) of Bg.
10:55 UT until 11:20 UT. Pitch angle distribution during this To do so, we fix 720~3nT? as the minimal threshold (see
period confirms the dominance of ion outflow. Fluctuations dotted yellow line on panel e) for considering wave activ-
of the perpendicular and parallel components of the flow ve-ity as significant: it corresponds roughly to a mean level of
locity (panel d) are of the same intensity. After 11:20 and un-the wave power. The first time the power exceeds this value
til 11:38 UT, both velocity components are less than 50 km/s,happens around 10:12 UT for a short duration. Later, it oc-
corresponding to a stagnation regidrayraud et al.2004). curs during time intervals longer than 2 min: between 10:16
Concerning the wave activity, one observes that magneti@nd 10:19 UT, between 10:22 and 10:29 UT and between
fluctuations (panels e and f) start at about 10:10 UT with10:34 and 10:38 UT. Then peaks are shorter (2min) and are
bursts of various intensity and duration. The mean wave accentred around 10:50, 10:55, 10:59, 11:02, 11:06, 11:11 and
tivity level increases after 11:38 UT. The maximum of elec- 11:18 UT. We recall that all the magnetic fluctuations iden-
tric fluctuations (panel h) is reached at about 10:12 UT. Thertified above are of an electromagnetic nature (fidigds B
their intensity decreases. One can notice localized enhancéatio).
ments around 10:54 and 11:40 UT and a very low activity be- On panel (d), the ion perpendicular flow velocity varies be-
tween 11:10 and 11:38 UT. From panel (b) one could noticetween 0 and 150 km/s, in a relatively smooth way, while the
that thes E /5 B ratio and the Alfen velocity have a similar  parallel flow velocity fluctuates much more abruptly. In the
trend. A very largeSE /8B ratio observed at 10:33, 10:46, same way as we did for inspecting the wave power, we define
10:52 UT and 10:54 UT suggests an electrostatic wave aca 100 km/s threshold for identifying the intervals when flow
tivity. However, except at 10:54 UT, these cases are assovelocities, either parallel or perpendicular to the magnetic
ciated neither with strong electric field fluctuations nor with field, are large. At the entrance into the cusp (from 10:10
magnetic fluctuations, electrostatic wave activity being thusto 10:16 UT), where the plasma density is low, very high
very weak: the wave activity observed in the cusp is essenvelocities (up to 400 kifs) are observed. Later, the periods
tially electromagnetic. So, as already noticedAnydré et  of large velocities correspond to much shorter time intervals
al. (2001 during another crossing, theE /8B ratio varies  at 10:18, 10:22, 10:23, 10:25, 10:26, 10:28, 10:34, 10:36,
in relationship with background parameters, in this instancel0:49, 10:50 and 10:53 UT. All these intervals correspond to
the magnetic field and the density. It can be seen, in particpositive parallel velocities, meaning earthward flows. Large,
ular, from the electric fluctuations (panel h), the trend of the negative (upgoing), parallel components of the flow velocity
S E /8 B ratio of the wave activity is correlated with the large- are detected later on at 11:01, 11:04 and 11:09 UT. In con-
scale decrease of the background magnetic field intensity. junction with a large value of the parallel flow velocity, the
perpendicular flow velocity also reaches large values (at least
On each panel, a clear boundary, the magnetopause, is ed00 km/s) at 10:08, 10:09, 10:13, 10:35 and 10:50 UT. Then,
countered at about 11:38 UT (skavraud et al (2004 for but with low values of the parallel flow velocity, this high
a description of this boundary). The mean energy of thelevel of the perpendicular flow velocity is again observed at
particles is roughly the same but their density (intensity of 10:59, 11:03, 11:18 UT and for longer time intervals (about
the flux) clearly increases at this boundary. Between 11:38 min) around 11:06 and 11:11 UT.
and 11:40 UT the bulk velocity changes abruptly because the From these observations, one notices that the sharper the
ions flow approximately perpendicular to the magnetic field fluctuations of the bulk flow velocity are, the more intense
at about 300 km/s. The magnetopause encounter is very dythe associated electromagnetic wave activity. During the first
namic and appears to be correlated with the arrival of thepart of the crossing (before 10:53 UT), injections of mag-
interplanetary shock, as previously discussed. In summarynetosheath ions (enhanced earthward flows of field-aligned
in the cusp part of this event (10:10-11:38 UT), which is the ions) occur when the IMF is northward and are associated
main purpose of this paper, the ion flow velocity highlights with a strong ULF electromagnetic activity. Until 10:44 UT
three successive regions crossed by the spacecraft. Frothe convection motion is sunward (not shown). Since the
about 10:10 UT to 10:55 UT, the bulk flow velocity is dom- spacecraft are on the lobe side of the cusp, these observa-
inated by injections of magnetosheath ions and their relaxtions are consistent with one or more reconnection sites situ-
ation to an equilibrium distribution. Then, until 11:20 UT, ated tailward and above the spacecraft (¢antrat-Reberac
the plasma s characterized by an enhancement of the conveet al, 2003. In addition, two long periods without injec-
tion and the predominance of mirroring ions (when negativetions (10:38-10:48 UT and 10:51-11:01 UT) are observed
parallel velocity peaks are detected). Finally, and until thewhen the IMF is southward. The spacecraft location and the
magnetopause crossing, the plasma almost stagnates withfact that reconnection takes place very probably in the subso-
flow velocity smaller than 50 km/s (sé@vraud et al(2002 lar region of the magnetosphere during a southward IMF pe-
for a detailed study of such region). We will now deal with riod (e.g.Smith and Lockwood1996 may explain the non-
the relationship between the ions and ULF waves. observation of injection signatures during these intervals.
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observed. On the other hand, when mirroring ions predomi-

nate (negative parallel flow velocity), both the wave activity

and the plasma convection are systematically weaker. As a

result, it can be thought that some wave activity also results

when a large convection is present; electromagnetic wave ac-
@ tivity is thus not only observed during ion beams events.

At 11:20 UT, the IMF B, is no longer negative and the
clock angle moves close to 0deg. This IMF component is
known to influence the cusp location significantRussell
2000. It is thus possible that this IMF turning resulted in

®) the entry of the spacecraft in the stagnant part of the high-
altitude cusp. This region shows very low flow and mag-
netic field; as suggested tyavraud et al(2004), this may

be typical for northward IMF conditions. The plasma dis-
plays neither unidirectional nor counterstreaming ion beams,
but rather appears fairly isotropic. In this region, both elec-
tric and magnetic fluctuations are very low (see Big.
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3.2 Focus on an ion injection event
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Figure 4 presents focuses on the last succession of strong
ion injections associated with waves, between 10:45 and
10:54 UT. From top to bottom, the ion perpendicular temper-
ature, the ion velocity components, the integrated power of
the ULF magnetic wave, the time-frequency power spectro-
gram of these waves, and the ion pitch angle spectrogram are
displayed. The event has been divided into four successive
Fig. 4. This is an enlargement of an ion injection event. From top to intervals. The frontiers have been fixed where the parallel

bottom, are displayed the ion perpendicular temperature measureoW Velocity is close to 0. The (ii) period covers the first and
by HIA (a), the bulk flow velocity given by HIA projected along Second strong injections. The (iii) period includes the third
the magnetic field direction given by FGM (in black) and the GSM strong injection and the consecutive mirrored ions. The per-
components of the perpendicular bulk flow velogiby, the mag-  pendicular temperature (panel a) is low (less than 3.5 MK)
netic wave power integrated between 1 and 10 Hz from STAFF-SChefore interval (i), fluctuates during intervals (i), (i) and (iii)
(c), the corresponding time-frequency spectrogi@inand the ion  and is high (more than 4.5 MK) later. The parallel flow ve-
pitch angle spectrogram given by HI&). Four successive periods |ocity (panel (b), black curve) displays two major positive
— (i) to (iv) — are delimited by_ dotte_d v_ertical lines. Vert.ical blue peaks: at 10:49:20 and 10:50:20 UT, the parallel velocity
arrows at the bo_ttom of the. f'gl.”e 'nd'c.ate the centre time of thereaches almost 200 km/s. Between these two peaks, it passes
distribution function shown in Figs. Horizontal black arrows on . NP
panel (b) delimit the time intervals used in Sekt. through a second_ary maximum followed _by a brief moment
of vanishing velocity. After the second major peak, the paral-
lel velocity is negative until 10:51:30 UT. Then it turns back
. ) to positive. During the (i) interval, all the components of
Later (after 11:01 UT), the absence of ion beams is probablythe perpendicular bulk flow velocity display low values (less
due to the fact that the farther the spacecraft move sunwarghsn 50 km/s). During the first strong injection (interval (i),
across the cusp, the farther they are from the region linked tQ, is strongly negative and passes through an extremum of
the reconnection site in the northern lobe. about—100 km/s at 10:49:30 UT. In the (iii) interval, the
The conjunction of an injection of magnetosheath ions andperpendicular velocity fluctuations occur mainly along the
an electromagnetic wave activity has often been noticed (e.gy-direction. Thev, component is dawnward when outgoing
D’Angelo et al., 1974; Le et al., 2001). From 10:53 to ions dominate and is duskward elsewhere. The ULF elec-
11:22 UT, the large peaks of the perpendicular flow veloc-tromagnetic wave activity starts to increase at 10:48:10 UT
ity are associated with small magnitudes of the parallel flowby a factor of 30 (panels ¢ and d). It is maximum around
velocity. In contrast with the injection events, the plasma10:49:15 UT. The level decreases until 10:51:20 UT, almost
there does not consist of a predominant earth-going plasmay a factor of 100. Then after that it fluctuates around an in-
but also includes counterstreaming mirrored ions. Periodgensity level of one-tenth of the maximum. On the pitch angle
where upgoing and downgoing ions are of the same intenspectrogram (panel c), the two strong bursts of mainly field-
sity (near zero parallel flow velocity) correspond to the peri- aligned ions are observed just before and after 10:50 UT, dur-
ods where the convection is maximum (large perpendiculaing periods (ii) and (iii). During interval (i), two other field-
flow velocity) and where a strong electromagnetic activity is aligned beams are also detected but they are less intense. It
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Fig. 5. lon distribution functions of the ions from HIA on board spacecraft 1 for three selected times during the interval of interest. Two-
dimensional cuts of the ion distribution, in the parallel-perpendicular plane (the perpendicular direction is that of the convection), are shown
in plots(a), (b) and(c). Their respective 1-D cuts along the parallel and perpendicular direction (black and green, respectively) are given in
plots(d), (e) and(f). The one count level is superimposed to these latter as red dash-dotted lines. The dotted blue lines in plots (d), (e) and
(f) only serve as guides to highlight the distributions’ width. Distributions (a), (b) and (c) are presented in the spacecraft frame (dotted black
lines indicate the flow velocities used to define the plasma frame). Distributions (d), (e) and (f) are presented in the plasma frame.

seems that they are not located on freshly reconnected fieldf the IMF was unclear at this time (turned from northward
lines because of numerous upgoing ions. Later, more diffuséo southward at 10:51 UT). Although the site location can-
(but for a longer time), anti-parallel ions are detected. not be deduced from either the IMF orientation or from a
time-latitude dispersion analysis, due to very short duration
Figure5 shows 2-D and 1-D cuts of the ion distribution of the event, the convection motion argues for a reconnection
functions for three selected times (shown by blue arrows insite located in the equatorward region of the magnetopause.
Fig. 4). The maximum of the wave activity is reached when Note also that such a location is consistent with either south-
the parallel component of the flow velocity is the largest (andward or northward IMF Fuselier et al.2000. The second
positive). It corresponds to an anisotropic distribution func- strong injection period (at 10:50:20 UT) has a large duskward
tion (cuts (a) and (d) of Figh). After the last injection the component that is coherent with an anti-parallel merging site
ions have been reflected at low altitudes and return to thdocated more dawnward from the cusp (Becomponent of
spacecraft, resulting in a bulk flow with a substantial anti- the IMF is directed dawnward). This focus on a short inter-
parallel component (part (i) in Figd). There, the wave val allowed us to highlight the apparent simultaneity of wave
activity turns back to a lower level. The velocity changes activity and injections of magnetosheath ions. It further con-
are sharper when the precipitating ions (parallel population)irms the relationship between the ion flux intensity (when
are dominant while smoother when mirrored ions are largelydirected earthward) and the power of the ULF electromag-
present. It is hard to disentangle whether this stems frommetic wave activity.
ballistic effects (the presence of both up- and downgoing
ions on the same field line may render the velocity changes The large field-aligned flows (and fluxes) are characteris-
smoother) or from wave-particle diffusion processes. In thetic of newly-open field lines; the precipitating magnetosheath
following interval (part (iv)), a little injection is observed ions, characterized by large parallel velocities, are detected
and the wave activity has a mean level. These observationbefore the mirrored component, owing to time-of-flight ef-
strongly suggest a causal link between the wave generatiofect. The temporal evolution of the ion distribution func-
and the injection of particles. This is also supported by thetions displayed in Fig5 highlights this feature. The first
observations of local enhancements of the wave activity durdistribution (a) was measured during the large flows and
ing the two ion beams of interval (i). It is worth noticing appears D-shaped, compatible with expectations from the
that the first strong injection period (between 10:49:20 andreconnection model (e.gmith and Lockwood199§. It
10:49:45 UT) is associated with a strong antisunward con-then evolves with the gradual detection of large fluxes at all
vection motion. We remember here that tBgorientation  pitch angles in distributions (b) and (c). To assess whether a
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——=sat 1. _=sat 2. =sat 3. =sat 4. experimentally difficult because of the mixing of the up- and
! ! ! ! : downgoing populations. The presence of these two popula-

tions induces uncertainty in the determination of the plasma
frame and makes any assessment from the parallel spectra
— in the present case a difference in temperature — not fully
conclusive. Assuming gyrotropy, one may expect the anal-
ysis of the perpendicular temperature to be less sensitive to
this problem. A lack of perpendicular temperature enhance-
ment would suggest the absence of heating, while the detec-
tion of a finite temperature enhancement would constitute an
upper limit to any given heating mechanism. From the time
series of the perpendicular temperature shown in &ithe
lowest perpendicular temperature during the large flows is
about 3.5 MK ,while it is of about 4.5 MK later when the dis-
tribution is isotropic, for example, at 10:52 UT. There is an
upper limit of a 30% increase in temperature for this partic-
ular case, as more and more mirrored particles are detected.
This, added with the observations in the parallel tempera-
ture, suggests that some heating may occur by wave-particle
interaction in the cusps. Nevertheless, it should be com-
pared with the typical factor of 2—3 observed between the
magnetosheath temperature and that of the exterior cusp (at
their boundary) under northward IMEE&vraud et al.2004

J ‘ ! ‘ ‘ ‘ ] 2002. The other processes at other locations (e.g. reconnec-
10:48 10:49 10:50 10:51 tion site or magnetopause discontinuity) are probably also
needed to explain the temperatures observed in the cusp, in

Fig. 6. The magnetic field components measured by the FGM ex-Comparison with temperatures in the magnetosheath.
periment in the MFA frame over 3 min, starting from 10:48:00 UT.
The mean values (over time and spacecraft) are removed from the
signal and used to define the MFA frame. The colours are relative4 Mode identification using the k-filtering technique
to the four satellites. The vertical dashed lines delimit the intervals
when the maxima of the parallel flow velocities are observed. In this section we propose to study the nature of the wave
activity discussed in the previous section. FigGngresents
the three components of the magnetic field measured by the
wave-particle interaction may also contribute to the evolutionFGM experiment during the strong injections observed be-
of the distribution, one may first compare the parallel andtween 10:48 and 10:51 UT. They are shown in the MFA
anti-parallel components of the distributions (d), (e) and (f). (Magnetic Field Aligned) frame, with the-axis aligned
The 1-D cuts of the distributions displayed in plot (e) reveal with the ambient magnetic field. The mean values, calcu-
that the width of the distribution in the anti-parallel direc- lated over the period studied and over the four spacecraft,
tion is larger than that in the parallel directio®undkvist  have been removed from the waveforms and are used to de-
et al.(2009 highlighted that waves are generated in the cuspfine the MFA frame. We have subdivided the time interval
along whole field lines, meaning above and below the Clus-into three sub-intervals, centred around the injection events
ter spacecraft. Then considering that the mirrored ions spendvhere a maximum of the parallel velocity of the ions is ob-
more time than the downgoing ones in crossing the regiorserved: AT1=10:49:10 to 10:49:30 UTAT>=10:49:30 to
where electromagnetic waves can interact with the ions, heat10:49:50 UT andA7T3=10:50:10 to 10:50:40 UT (see blue
ing will be more important for the mirrored particles. It is arrows at the bottom of panel (b) in Fig). The three injec-
worth noticing that the next distribution (f) shows only little tion events seem to be well correlated with large-scale fluctu-
evidence for the same feature. On the other hand, ion heatingtions of the parallel component of the magnetic field. How-
may equally occur above the spacecraft location. This sugever, only the two first injections are accompanied by strong
gestion comes from the appearance of a high-energy tail inarge-scale fluctuations (about the duration of the interval)
the parallel spectrum of the ions in distribution (f), as com- of the perpendicular magnetic field component, in this case
pared to that of distribution (d). Our observations may there-B,. Perpendicular fluctuations of smaller scales (duration of
fore represent some heating which occurs during a major parfew seconds) are seen in each of these injections at 10:49:16,
of the trajectory of the ions after their injection into the mag- 10:49:35 and 10:50:08 UT on tt&, component.
netosphere. First, the analysis is performed during the periady.
We must stress, however, that the observations of the disFigure 7 presents the FFT power spectra calculated for
tribution function characteristics in the parallel direction are this interval.  For frequencies below=0.13Hz, the
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parallel component of the magnetic field is larger than the
perpendicular one. This tendency is reversed for frequencies
ranging from 0.13 to 1.0 Hz. The dominance of the perpen-
dicular component in the frequency range [0.13,1.0]Hz, as
expected from the inspection of the waveforms, can be in-
terpreted as a signature of shear waves. To confirm this in-
terpretation, we have used the k-filtering technique to iden-
tify the nature of the waves for each frequency in the inter- ‘ ‘
val [0.13,1.0]Hz. Before presenting the results obtained, let 0.1 1.0
us recall the principle of the k-filtering methoRificon and Frequency (Hz)
Lefeuvre 1991 Pincon and Motschmana998.

The k-filtering technique is based on the simultaneoustid- 7- The FFT power spectra of the FGM data during the pe-
measurements of a given wave field in several points Ofnod ATy calculated for the spacecraft 1 in the frequency range
space. It allows one to estimate the energy distribution func-[o'og‘s] Hz. T_he red and blue lines ShOW. the spectra of th_e parallel
. . s . and perpendicular components, respectively. The black line shows
tion of the corresponding wave field in the 4-D Fourier spacey . iotal spectrum.
(w, k), denoted hereafter by the functiagh(w, k). The k-
filtering method adopts a plane wave decomposition and re-
quires the time stationarity and space homogeneity of the kx=—0.0144, ky= 0.0092, kz= 0.0011, Ikl= 0.0171
time series. In real data, these two hypotheses are not strictly ‘ ___(mox=_ 0.140, min= 0.00529)
fulfilled. However, in practice, we are content with the con- ‘
cept of weak space homogeneity (and time stationarity): the
signal should be homogeneous (stationary) on scales that are
larger than the largest spatial (temporal) scale determined by
the k-filtering method. Once the wave energy distribution
P(w, k) is calculated, it can be used to identify the relevant
modes Gahraoui et al2003. For each given frequeneyo,
and using an isocontour representation, the energy distribu-=
tion in thek-space is displayed as cuts in tig, k,) plane
along thek, axis. The validity domain of the technique in —0.02
the wave vector space is determined from the separations be-
tween the Cluster spacecraft: all the existing wavelengths
have to be larger than the intercraft separations, which are
of the order of 100 km in the present case. For each value of
k, corresponding to an identified peak Bfwg, k), the the- kx(rd/km)
oretical dispersion relations of the low-frequency (LF) linear S ) .
plasma modes (MHD and mirror modes) are superimpose(’f'g' 8. Energy distribution in thé&-space of the most intense iden-

on the energy spectrum (after being Doppler shifted into thetified peak for the frequency’=0.26 Hz. It is presented in the

spacecraft frame using the flow velocity measured by the/’cZ:O.OOll rd/km plane which contains the maximum of magnetic

. \ . . energy for this frequency. The black thin lines are the isocontours
HIA experiment Reme et al.2001). The mirror mode is as- of energy in the(ky, ky) plane, whereas the coloured lines are the

sumed to have approximately a zero frequency in the plasmg,eoretical dispersion relations of the LF modes Doppler shifted in

frame, which means that it is observed in the satellite framene satellite frame. The blue line is the Doppler shiftk.v and

with the dispersiom=Kk.v. When it is necessary, other the- corresponds to the mirror dispersion relation in the satellite frame.

oretical dispersion relations (kinetic modes), computed fromThe curves of the slow mode are very close to the curve of the mir-

the WHAMP programRonnmark 1982, are introduced be- ror mode, since the slow mode propagates in the present case quasi-

sides the MHD modes. For both MHD and kinetic modes perpendicularly to the magnetic field.

the control parameters are given by the different Cluster ex-

periments:Bg from FGM, the ion temperature and density

from HIA. For more details on the use of the k-filtering tech- on the spatio-temporal properties of the observed waves. For

nique, the reader is referred &ahraoui et ali2003 and the  the frequencyf=0.26 Hz, the(k,, k,)-plane, containing the

references therein. maximum of the magnetic energy distribution function, is
In the following we present the results obtained in the shown in Fig8. Itis found fork,=0.0011 rd/km which is the

frequency range [0.13,1.0]Hz. The frequencies belowsmallest wave number resolved with the k-filtering method.

0.35Hz are studied from the FGM data, whereas the higheAs one can see, the energy maximum lies very close to the

frequencies are studied from the STAFF-SC data. Intheoretical dispersion relation of the Afa mode. The

Sahraoui et a2004), it has been shown, from the very good observed mode has a wave number quasi-perpendicular to

similarity between STAFF-SC and FGM results, that therethe magnetic fieldd=(k, Bg)~86°).

is no effect of the high-pass filter applied to STAFF-SC data
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kx=—0.0483, ky= 0.0108, kz= 0.0011, Ikl= 0.0495 of the bottom panel at the location of the maximum peak of
(max= 0.00379, min=0.000475) the top panel. The two main energy peaks are found for a
I \1 | ‘ | parallel wave number which is small as compared to the per-

004" < pendicular one. The study confirms the observation of the

Alfv én mode up to the frequengy=0.8 Hz, where it reaches
the shortest wavelength accessible to the measurement given
the 100-km intercraft separation (see Fgin the left-hand
side of the top panel, the maximum is on the edge of the box).
As the frequencies increase, the wave vectors of the identified
Alfv én mode have constant parallel components (all corre-
sponding peaks are in the saimeplane) but increasing per-
pendicular ones, leading to various propagation angles (with
] respect to the local ambient magnetic field), ranging from
Ao e R 83° to 88. The modulus of the wave vectors is varying from
R B R kp=0.8 for f=0.18 Hz tokp=3.7 for f=0.8 Hz (as seen in

T
I
I
|
I
0.02 |
|

ky(rd/km)
o
o
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—00% % ey % 0.0¢ Fig. 10, described below), where~75 km is the proton Lar-
kx= 0.0381, ky=—0.0108, kz=—0.0054, kl= 0.0400 mor radius. We notice therefore that the appellation “Atfv
(mox= 0.00360, min=0.000524) mode” used in the present work should be taken with some

T ‘

caution: the identified spatial scales are typically in the range
of the kinetic regime of the Alfén mode and the name “Ki-
netic Alfvén Wave” would be a more accurate name of the
Alfv énic fluctuations observed in the present case. Never-
theless, for the sake of simplicity, we remain in the classical
“Alfv €n mode” appellation most of the time. In line with this,
we notice that for such spatial scalég{3) the properties of
the Alfvén mode are much different from those correspond-
ing to the MHD limit (kpo<1). The Alfvén mode, even in the
kinetic range, is expected to have a group velocity mainly di-
rected along the field line. For instance, the compressibility
of the mode, defined as the raé®,,/6B, and calculated
‘ L L L L from WHAMP, varies from zero in the MHD limit to 0.4 for
o0t 0 a2 0.0% kp~3. The identification of the Alfén mode as the dominant
one in the frequency range [0.1,0.8] Hz over a wide range of
Fig. 9. Two peaks with comparable intensities are identified for Spatial scales allows one therefore to explain the dominance
the frequencyf=0.79Hz. The first one (left-hand side of the of the perpendicular magnetic component with respect to the
top panel) corresponds to the latest identifiable 8thmode with  parallel one mentioned above, but also some of the observed
(k, B)=88" and fplasma~0.5fc; - The second one (right-hand side parallel fluctuations. Other compressional modes with lower
of the bottom panel) is identified by WHAMP as a Bernstein mode jntensity (not shown here) are identified in the same range of
with: (k, Bo)=98" and fplasma~2.5 /i - frequency. Their detailed study is postponed to future works.
For the frequencyf=0.8 Hz, in addition to the Alfén
mode peak, we have identified another peak with a compa-
Now, one may ask whether the identification of the &lfiv  rable energy. It is localized in the=—0.0054 rd/km plane
mode for this frequency is consistent for higher frequencies(Fig. 9, right-hand side of the bottom panel). Its extension
For this purpose, we have analyzed all the frequencies of théo otherk, planes appears on the top panel of Fg.This
interval [0.1,1.0]Hz. Figuré® presents thék,, k,) planes  wave has approximately the same spatial scales as the ob-
containing the two main energy peaks for the frequencyserved kinetic Alfen wave: both wave vectors are almost
f=0.79 Hz. At this frequency, the first and second extrema ofequal but have opposite sign, which means that they have
energy lie, respectively, in planes for whik}=0.0011rd/km  been symmetrically Doppler shifted, according to the for-
(top) andk,=—0.0054 rd/km (bottom). The maximum en- mula wplasmae=wsatelite:K.v. However, from Fig.9 (right-
ergy is on the left edge of the top panel (ke~—0.05rd/km)  hand side of the bottom panel), we see that this second peak
and it is close from the theoretical A mode. In this s located far from any dispersion curve of the MHD modes.
panel, significant energy is also present around the poinfThe corresponding frequency in the plasma frame is approx-
of coordinates,~0.037 rd/km and,~—0.008 rd/km. Itis imately f=1.3Hz~2.5f;, wheref,; is the proton gyrofre-
worth noticing that these coordinates correspond to the locaguency.
tion of the second maximum (bottom panel): the wave en- Bernstein modes are known to have dispersion relations
ergy distribution spreads over a wide rangekof For the  in kinetic range close taw=(n+0.5).0w; (n>1). Using
same reason, one can notice a peak energy on the left sid HAMP, we have identified this wave as as-2 Bernstein
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mode. The Bernstein modes are very unstable for the :; ++—+—+—1+—+—1+++ rvr-——r"——r—"—"1T"—"—"—"1—1—"—
quasi-perpendicular direction, and are generally electrostatic I L]
(Janhunen et gl.2003. However, in this case of large I 8
wave vectorskp~3.5) and larges (~1), WHAMP provides 250 WL
an important magnetic component for the Bernstein mode: B 2
SE/SB~4V,, whereV4~350km/s is the Alfén velocity. i = . ]
This explains why the Bernstein mode could be presentin 2 -------Ff---------------~---~--~------ b
magnetic data. This Bernstein mode is identifiable for all i ; ]
the frequencies belonging to [0.8,1.0] Hz, and disappears for ]
higher ones. Its wave frequency in the plasma frame de-5 1.5 ]
creases with the wave vector. The observed wave vector L SBemnstein 1
form angles varying from 99to 95 with respect tBy. B =

In order to summarize all the previous results, we present 1 [~7"" (=7 ""7""7""7""7"" 7 mTmm o m T
in Fig. 10the dispersion relations observed for the two prin- - o .
cipal identified wave peaks. The frequencies measured in the i e s
spacecraft frame are Doppler-shifted back into the plasma %[ -
frame and then plotted as a function of its perpendicular wave B fac bl
vector (i.e wplasmaversusk | ), the dependence with the paral- gy '!'In T
lel wave vector being negligible. These experimental disper- 05 i Y 3 3s 4
sion relations are compared to the theoretical ones obtained Koerp [
from WHAMP. The question of de-Dopplerizing has to be
treated with caution, since strong variations of the plasmarig. 10. Comparison of the experimental dispersion relations
velocities are observed during the period studiad (see  (coloured dots) observed in the frequency range [0.1,1] Hz to the
Fig.4). The crucial pointis to disentangle the velocity pertur- theoretical ones determined from WHAMP (black curves). The
bations caused by the waves from the background flow velocblue, green and red dots are the de-Dopplerized experimental dis-
ity. For this purpose three different values of the plasma ve-persions obtained with the flow velocitiesg, v, andvs, respec-
|0city have been used to Dopp|er-shift the wave frequenciegively. The dispersion of the waves observed in the frequency range
measured in the satellite frame back into the plasma framel0-1.0-8] Hz fits the Alfien wave dispersion curve shape, and quite

These values are calculated in the MFA frame as follows:  Well for vs (red dots). The dispersion of the waves observed in
the frequency range [0.8,1] Hz is very close to the dispersion curve

— v1=(~100, —40, 140)km/s, as averaged ovexT; of second harmonic of the Bernstein mode for the samé@ow
(20s) velocity (red dots).

fow
™
[

Alfvén

— vo=(—50, —16, 58)km/s, as averaged over 180s

between 10:48:00 and 10:51:00, only over the high bulk velocities of the injection, turns out
_ to be an overestimate of the flow velocity carrying waves.

~ Va=(V1+V2)/2=(=75, ~28, ~100) km/s. The inverse situation can occur when the mean velocity is
The velocities/1, v andvs are used, respectively, to plot the calculated over a time interval which is too large. These con-
green, blue and red experimental dispersion curves displayegiderations suggest that the most realistic flow velocity could
in Fig. 10. Owing to the fact that the perpendicular gradi- have a value ranging between the two previous limits. This
ents are much sharper than the parallel okesgk, ), the ~ Nhypothesis is indeed strongly supported by Hig. the best
Doppler-shift is less sensitive to the parallel flow velocity. It fit of the experimental dispersion curves with the theoretical
has to be stressed that even with an important uncertainty iQnes is obtained when the flow velocityis used for the de-
the determination of the background flow velocity, the mode Dopplerization (red dots). Note that Figs. 8 and 9 have been
identification of the observed wave peaks is still accurate. AsPbtained with thevs flow velocity.
a matter of fact, Figl0 shows that the global behaviour of ~ The same analysis has been performed on the two other
the experimental dispersion curves follows the ones of thentervals,AT> and A T3, using the same method to Doppler-
Alfvén and Bernstein modes, even if they are not very closeshift the data back into the plasma frame. The results ob-
(green and blue dots). The fast mode lies far from all the extained show that the Al&n mode also dominates during the
perimental peaks. The slow mode (not plotted in Eig).has  second injection (the periodT>). The wave characteristics
almost a zero frequency and moreover, is strongly dampedssociated with the third injection display a different feature.
abovekp=1. The dominant mode, even ifitlies in the k-space, also along a

We also notice that the two velocitieg andv, can be  quasi-perpendicular direction, exhibits no frequency disper-
considered as over- and underestimations of the backgrounsion, with all the frequencies being very low in the plasma
flow velocity, respectively. In fact, since the wave activity frame 0.1 Hz). Hence, the dominant mode in the last time
presents a large-scale fluctuation over the perdd, the interval corresponds to a stationary structure rather than to an
mean value of the flow velocity over this period, calculated Alfv én wave. This observation is discussed below.
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5 Discussion injected ions, an Alfén velocity of about 350 km/s at the
location of the Cluster spacecraft, and a distance of about
The Cluster case study reported here shows that in the hightO Rz between the reconnection site and the spacecraft, a
altitude polar cusp, the numerous injection events of magnetime lag of about 80 s between the detection of the magne-
tosheath ions from a reconnection site located poleward otosheath ions and the Algnic perturbations may be expected
the cusp are always observed with an intense wave activityin the event presented in this study (the two successive events
Using the k-filtering analysis, part of these intense waves ob-around 10:50 UT). In fact, with the time resolution of the
served simultaneously are identified as kinetic Aliwaves.  particle instrument (up to 4s) being much higher than 80's,
The local wave generation of kinetic ABn waves is stillnot  the observations do not give any evidence for such a time
well understood but we can argue here that a plausible mechag. So, in all likelihood, the observed An wave is lo-
anism may be based on a current instabilfgrSlund et al.  cally generated. Otherwise, one should describe a mecha-
1979. As seen in Fig6, large-scale fluctuations-(L5s) of  nism explaining a common propagation of the injected ions
the B, component give evidence for the signature of paralleland the Alfien wave from the reconnection site. The dis-
currents during the two first interval&y 71 and AT», while  tance of 1Rz has been estimated following the method pre-
no signature of a large-scale parallel current is observed dursented inOnsager and Fuseli¢t994. From Fig.1, we no-
ing the last interval AT3. The waves identified during the tice that this distance is consistent with a subsolar position of
two first injections AT, and AT>) are mostly of an Alfénic  the reconnection sit&jontrat-Reberac et a{2003 obtained
nature and show similar characteristics. On the other handa similar estimation in the case of lobe reconnection. The an-
the third injection, which corresponds to a lower intensity tisunward convection motion is still the only indicator of the
in the parallel current, shows no evidence for &fvwaves. site location.
Parallel currents may thus be the energy source of the kinetic Concerning the waves identified as Bernstein mode the sit-
Alfv én waves which have been observed. Nevertheless, waation can be understood in a relatively simple way. As ki-
notice that background parameters may influence the onseietic modes, the Bernstein modes are known to be very sen-
of electromagnetic wave activity: specific beams could eithersitive to the shape of the distribution function, which may ex-
generate or not generate kinetic A#fvwaves under various plain why the mode identification cannot be perfectly clear.
conditions. Numerical simulations are needed to clarify thislon distribution due to newly-reconnected field lines gen-
issue. erates predominantly perpendicular wavBsfham et al.

In the MHD theory homework, the AlBn mode is ex- 1999. More recently,Janhunen et a2003 defined that
pected to induce a perturbation of the bulk plasma velocitypart of the waves destabilized from ion shell are Bernstein
of aboutdv=v48B/Bg. Both perturbationgv andéB are  modes. In all likelihood, part of the waves generated from
perpendicular to th€Bo, k) plane. If one considers the per- the anisotropic distribution function of the ion beam (roughly
turbation seen om, during the two injections observed be- half-ring) are probably Bernstein waves. Thus, the observa-
tween 10:49:20 and 10:49:40 (see Flg) as the temporal tion of Bernstein modes during injection events is not very
signature of an Alfénic current, a perturbation on the plasma surprising, even if the predominance of the second harmonic
motion of about 100 km/s along theaxis is expected. Itis over the first one is not obvious. Bernstein waves are known
precisely the amplitude of the perpendicular bulk flow veloc- to hardly propagate, except perpendicularly to the magnetic
ity measured along the-axis during that period (see Fig). field (Ichimary 1973. The Bernstein waves are thus very
So, its interpretation from a large-scale Adfvwave pertur- likely observed close to their source. The wave energy ob-
bation is consistent. Conversely, the observation of such aserved during the injection events, as dominated by the ki-
enhanced perpendicular plasma motion during an injectiometic Alfvén and Bernstein modes, is thus of local origin.
event could be the signature of a large-scale &ifwave. The evolution of the distribution function of the magne-

The theory of reconnection predicts the production of tosheath ions that penetrate into the polar cusp on a newly-
Alfv én waves along newly-opened field lines (d4geren-  opened flux tube (in other words, during an injection event),
del et al, 1978. The Alfvén waves observed by Cluster can to a great extent be explained from the time-of-flight ef-
may thus originate from the reconnection sites associatediect on the ions (e.gSmith and Lockwood1996. As the
with the injection events. However, the close simultaneity wave intensity is linked with the beam shape of the ion dis-
of the wave and particle events can hardly be explained othetribution function, its decrease observed during the injections
than by a local generation of the waves. In the frameworkcan also be explained from spatial considerations: the far-
of reconnection $mith and Lockwood1996, the magne- ther the spacecraft are from the ion beams (major source of
tosheath ions penetrating into the magnetosphere are acceahe wave instabilities), the weaker the observed wave inten-
erated up to the local Al&n velocity and move then in a first  sity. However, the role of the waves in the isotropization of
approximation with a constant velocity. The Aéfw waves the ions, even weak, cannot be ruled out. We have high-
generated simultaneously may therefore follow the injectedighted that the distribution of the mirrored particles (anti-
ions as long as the variation of the A#fm velocity along the  parallel velocities) is slightly hotter than the distribution of
field line is negligible. Indeed, if one considers an Afv  the downgoing ones (parallel velocities). We have also no-
velocity of about 200 km/s at the reconnection site, whichticed an increase in the perpendicular temperature as the
corresponds to the parallel flow velocity observed for thedistribution functions become more and more isotropic. This
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suggests that some ion heating occurs along the whole fieldtudies D’Angelo et al, 1974 Le et al, 200]) that showed

line above and below the spacecraft. Diffusion by the electro-a correlation between the waves and the injected particles at
magnetic waves simultaneously detected is a good candidatewer altitudes, also suggesting a local wave generation.

to explain the local part of this heating, especially the perpen-
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6 Summary and conclusions ! )
evaluating this paper.

The main result of this study is the identification of mixed

modes in the ULF turbulent-like electromagnetic spectrum

observed in the high-altitude cusp region. These results are
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