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Abstract. We present the results of a statistical analysis(Schwartz et a).1996, whereas the nonlinear treatment and
of low-frequency fluctuations in the high latitude regions of fluid picture can lead to a variety of slow and Aéfiv modes

the dayside magnetosheath using CLUSTER as a wave teldStasiewicz2005. Alfvén-proton-cyclotron waves are left-
scope. Magnetic field observations are used to determin&and polarized and propagate preferably parallel to the mag-
wave propagation directions and wave numbers for selectedetic field direction. In contrast to that, mirror modes are lin-
frequencies. Using observations of the plasma flow veloc-ear polarized and non-propagating waves, or standing struc-
ity we correct for the Doppler shift, in order to calculate tures, in the plasma rest frame. The growth of these modes
frequencies and phase velocities in the plasma rest frameas mainly affected by the temperature anisotrdpy, >Tj, ,

This provides us with the possibility to perform a statistical and different values of the plasnga(Denton 2000, where
dispersion analysis and to investigate various wave properd’ | , andT, , are the proton temperatures perpendicular and
ties, such as the phase velocity and the propagation angle bgarallel to the background magnetic fiedBd Several reasons
tweenk and B. The analysis of dispersion distributions and are known that cause the onset of temperature anisotropies,
Friedrichs diagrams results in the identification of different for example, ion beams which are reflected at the quasi-
wave populations. We find a multiplicity of standing struc- perpendicular bow shock and move downstream into the
tures (mirror modes) convected with the plasma flow and amagnetosheath afterwards because of the gyration around the
large number of Alfénic waves. The results confirm previ- magnetic field $ckopke et a).1990. Also, the extension
ous magnetosheath wave studies, such as ISSE or AMPTENnd compression of the magnetic field adjacent to the mag-
spacecraft observations, but we also find a small number ohetosphere can lead to temperature anisotrofigsoker and
mirror mode-like waves that have propagation speeds up t&iscog1977).

the local Alfven velocity, quasi-perpendicular to the mag-  Both the non-compressional ABwic and the compres-
netic field. sional mirror mode have been observed in the magne-

Keywords. Magnetospheric  physics (magnetosheath;tOSheath-H“bert et al (1998 used magnetic field measure-

plasma waves and instabilities) — Space plasma physic&€nts of the ISEE satellites and suggested different regions
(shock waves) of preferred wave modes within the magnetosheath. Near

the magnetopause they detected mirror modes exclusively,
but in the vicinity of the bow shock, only Alisn modes were
observed, whild.acombe et al(1992 detected Alfien and
mirror modes in this region. In the middle of the magne-

The terrestrial magnetosheath constitutes the interface b t9 sheattubert et al(199§ and Anderson et al. (1994) iden-

tween the interplanetary medium and the magnetosphere oFIed both wave modes. Using measurements of the AMPTE

the Earth. Low-frequency fluctuations are dominating thesatellites further observations.of standing waves @n t_he in-
magnetoéheath plasma driven by solar wind dynamic pres;[ler magnetosheath are described by, for exariaéikhin

- . o2 et al.(2001) andChisham et al(1999, wherea®enton et al.
sure variations, plasma |ns_tab|I|t|e_s an_d other effects. It(1995 detected mirror modes near the magnetopause.
is generally accepted, that in the linearized Vlasov theory,

Alfv én-proton-cyclotron mode and mirror mode are the pre- A major unresolved problem in previous analysis of the

dominant low-frequency wave modes in the magnetosheatl?lgsmawave properties within the m_agnetosheath Is the iden-
tification of the wave vectat. Using single or double space-

Correspondence tdS. Sclafer craft measurements traditional analysis tools allow one only
(seb.schaefer@tu-bs.de) to estimatek under limited circumstances. For example,

1 Introduction
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available, the rest frame angular frequengystis given as

10

Bow-Shock Magnetopause

% R

wrest= wsc — k - Vsw, (1)

wherewy. denotes the angular frequency in the spacecraft
frame. The velocity of the satellites is smaWll;{~2 km/s)
compared to the plasma flow velocitygy >100 km/s).
Thus, we neglecY,,. when calculating the Doppler shift. To
determine the plasma flow velocity we use the measurements
\ of the Cluster lon Spectrometry (CIS) instrument on board
CLUSTER Reme et al.200]), data of which are also used

/ / to determine the ion density and the Adfv velocity.
- For selected time intervals and regions specified below we
. . . . . . determineP (w, k, r g), as well as frequencies and phase ve-
20 15 10 5 0 -5 -10 locities in the plasma rest frame. The analysis is restricted
to the frequency range,.= (0.063 1.571) Hz. For this
Fig. 1. Positionsr g of the spacecraft between February and Junefrequency range we are ablg to provide in ‘?'epth Informg-
2002 displayed in theXgsz-ZG s )-plane. tion about key wave propagation parameters in the terrestrial
magnetosheath, as well as a study of the statistical dispersion
properties of these waves.

the direction of the wave vector can be determined by us-
ing the minimum variance analysis (MVA), but, in general,
this direction has an ambiguity of 18@nd the wave num-
ber |k| cannot be determined uniquely. Moreover, the MVA . . . . L

is not applicable to linear polarized waves, such as mirroKA‘ primary requirement for selecting suitable time intervals

modes, so that further assumptions are necessary to estima'lsethat the satellite configuration should be close to an ideal

k (Chisham et al.1999. A much more reliable technique tetrahedron with small distances of about 100 km to avoid
to determinek wa.Ls dev.eloped by, for exampléleubauer spatial aliasing and to ensure the identification of a large
and Glassmeief1990, Pincon an'd Lefeuvrd1997) and range of wave numbers. This requirement is satisfied in the

Motschmann et al(1995 1996. This method is called wave t|m§| pb?”Od frf(_)m Ftt_ebruary 2002 tto Jutne 2002, whgre the
telescope or k-filtering and gives one the possibility to deter-2valiabie configurations are sensifive to wave numboers up

— 1
mine both the direction and wave number in the spacecraffo k=0.032kn* and wavelengths above=200km. The

frame using only the magnetic field measurements. We Comgv?[;]agexspatlgl dIStI’IbIUtlon of thle tsrf atcfr:: raft tp(?lstlm
pare the results of the MVA technique and the wave telescopd’ "€ (XGse-Zgse) plane reveals that the satellites are
in Sect4 mainly located in both high latitud€X¢se-Ygse) planes at

. . Z 6Rg and Z 6Rg (Fig. 1). Thus, we consider
The wave telescope analysis uses simultaneous measurg-GSE> £ Gse<6Rg (Fig. 1)

o nly time intervals in these planes to ensure study of magne-
ments of the magnetic field vector taken from at least four y P y 9

) o X tosheath wave properties in a wide area.
different points in space and allows one to deterndinfer brop .
. As we study the wave properties in the plasma rest frame,
any given wave frequency. The wave telescope analy- . : ) . .
. . . information about the plasma flow velocity of the given time
sis was successfully applied to measurementSlagsmeier interval is required. If there are no measurements/af
et al. (2001 and Narita et al.(2004 using magnetic field 9 ' '

we are not able to determine the Doppler shift. We further-
measurements of the fluxgate magnetometers on board the : . - :
more restrict our analysis to events containing fluctuations

with typical amplitudes, in order to consider only wave ac-

variance technique which allows to determine the power denr:{?vItles that usually exist in the magnetosheath. We define a

sity P(w, k, rp), WhererB:A—l1 Zle r; is the barycenter of magnetic field variance measurevia
the four CLUSTER satellites. Due to the finite distance be- (IBJ?) — |(B)2
o 2

tween the spacecraft, aliasing effects need to be taken intg” = W
account andk can only be determined within a Nyquist-
sphere whose radius depends on the spacecraft separatipg. we determine the average deviation of the magnetic field
(Neubauer and Glassmej@99Q Glassmeier et 312003). strength compared to the mean, background magnetic field

The fluctuations of interest in this study are embedded instrength normalized to its magnitu¢ig|. We determiner?
the magnetosheath flow. As we are interested in the physifor the available magnetosheath data by averaging over 256-
cal properties of these fluctuations in the plasma rest frames intervals. This leads to a mean value for the variance of
we need to correct for the Doppler effect. This requires ac2~0.15 for the magnetosheath. Thus, we select intervals
detailed knowledge of the plasma flow veloclyy andk, with fluctuations that have values of between 05 and
as measured in the spacecraft frame. If this information is0.4.

&
T
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2 Data selection
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Fig. 2. Positionsr g of the selected time intervals displayed in the !

(Xgske, Ygse)-plane. The dotted lines mark an estimated location
of the magnetopause and bow shock.

The criteria described above result in a selection of 37 1 ﬂwj W n M
time intervals that are located in high-latitude planes at
|Zgse|>6 Rg. Inthese planes the intervals cover the dayside 10 FREQUENCY [mH
magnetosheath from 05:00 to 15:00 in local time (Rg.In
addition, the intervals are located rather adjacent to the magrig. 4. Upper panel: Frequency power spectrum of the interval from
netopause than to the bow shock. For interpreting the resulte5:50 to 06:24 on 18 February 2002. The dashed line represents the
of the statistical analysis we have to consider the spatial disknear fit of the spectrum. The lower panel displays the ratio of the
tribution of the time intervals, because the origin of plasmaPower spectrum and the linear fit.
waves depends on the region of the magnetosheath.

Wave properties will also depend on the plasma param- . 1
eter g, as well as the proton temperature anisotropy givenJStermine wave numbers upitg, =0.0314 km™= and wave-

by A=T\ /Ty —1. Using plasma measurements from the C|s '€"9ths above 200km. o
experiment Reme et al.2001) we find that for the time in- Figure 3 displays the magnetlc field vector components
tervals analyzedg varies between .3 and 218 while the ~ Bx» By, B and the magnitudgB|. The mean magnetic field

anisotropyA covers the range-0.17 to Q91. vector is(B)=(—4.3, —181, —0.73) nT and the mean mag-
nitude is|(B)|=18.6nT in the analyzed time interval. The

CIS instrument on board the satellite C1 measures a mean
plasma flow velocity vectotV sw)=(—179 63, 114) km/s,
3 Analysis procedure with [(Vsw)|=222km/s, and a mean ion number density
(p)=40cnT 3,
We explain the procedure of the wave telescope analysis The frequency power spectrum of the example interval is
by considering as an example the time interval 18 Februshown in Fig.4 (upper panel). It contains a multiplicity of
ary 2002, 05:50-06:24 UT. The barycenter of the CLUSTERspectral peaks, to which we restrict our analysis. For an un-
satellites is located aty=(4.83, 4.39, 8.53) Rg in the high- ambiguous determination of these power spectral maxima we
latitude afternoon section of the magnetosheath. The spacelefine as peak frequencies all those frequencies where the
craft are spaced at distances of about 100 km and form aspectral power level is larger than 1.5 times the trend power
almost ideal tetrahedron. This means that we find ideal conspectral value. The trend power spectrum is determined by
ditions for the waves telescope analysis which allow us tomodelling the observed power spectrum in the frequency
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the direction ofXgsr and (¢;,,=%18C, ¢y, =0°) is par-
allel to —Xgsg. The £Yggg directions are represented
by (¢1on=290, ¢,;=0°) and the+tZs;sg directions by
(P10n=0°, ¢15:==190C°). The position of maximum power is
interpreted as the direction of the wave vedtor

A wave event is identified if there is a directional re-
gion where the power density is above 70% of the av-
erage wave power value of any wave number shell. In
the present case, a wave event can be identified with the
wave propagating in the directiat,,=—6° and¢;,, =176
which corresponds to a propagation almost paralléd¢g .

Our analysis thus allows one to identify a wave with
k=(—4.99,0.35 —0.52)x10"3km™! in the time interval
05:50 to 06:24 on 18 February 2002.

This corresponds to a phase velocity in the
spacecraft frame Vpj .=ws./|k|=166km/s,  where
ws.=21x0.133Hz.  Taking into account the Doppler
effect we obtain a negative frequenayes=—0.0206 Hz,
that leads to a negative value of the phase velocity
Vpeh.res=wrest/ |k|=—4.09km/s in the plasma rest frame.

The Doppler shift is larger than the detected frequency
/\ wse. If we define the direction of the phase velocity vector
0 V pi.rest t0 be parallel to the propagation direction given by
the wave vectok, one needs to change the sigrkah those
140 / cases Whereyestis negative. In these special circumstances,
-60 - fluctuations convected with the plasma flow in th&gsg
direction towards the magnetopause propagate with a small
phase velocity parallel t& ; s towards the bow shock. The
wave event identified in the interval 05:50 to 06:24 on 18
February 2002 is such a special case, where the fluctuations
also propagate roughly perpendicular to the background
magnetic field; the angle betwegrandB is 6, 5=107.
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Fig. 6. Spatial power distribution of f=0.133Hz and
k=0.005knT L. The cross denotes the direction of the ambient

S The interval on 18 February 2002 was recently inves-
magnetic fieldB.

tigated by Sahraoui et al(2003 2004. They compared
k-filtering analysis from the FGM and STAFF (Spatio-
Temporal Analysis of Field Fluctuations) instruments and
8btained consistent results. They concluded, that waves
round 05:30 UT were mirror modes. This is in accord with
he results of our analysis, since the fluctuation exhibits a
negligible phase velocity and a quasi-perpendicular propaga-
tion angle.

range(0.01, 0.25) Hz as a power law spectrui( f)oc f¢. In
this way we determine the peak frequencies for any selecte
time interval. For these peak frequencies we then calculat
the corresponding wave vectors, as describeGlagsmeier
et al.(200]) or Narita et al(2004. In the present case seven
different frequencies have been determinegd;.=0.051,
0.06, 0104, 0121, Q130, Q133 and 0143 Hz. Here, the To determine the accuracy of our analysis procedure we
subscript sc indicates frequencies as measured in the spacestimate the relative errakVpy, resy/ Vpn.rest The errors of
craft frame of reference. The wave telescope technique is,., k, and Vs enter the determination efest via Eq. (1)
applied to the frequency rangef = f;,+0.002 Hz to ensure  and Vpj, res=wresy/ k. We assume an errakw;,=0.013 Hz
sufficient statistical significance of our results. based on the frequency analysis interval used for the wave
Results of the wave telescope analysis are displayed irtelescope technique. The accuracy of the wave vector
Figs.5 and 6 for f;,=0.133Hz. In the present case the is of the order of betweemk=0.00025km. For the
shell-max spatial wave spectrum is displayed, i.e. the maxplasma flow velocity a relative error @ Vgy / Vsw <0.07 is
imum spectral density value on each wave number shell isised. The calculation of errors for the given phase velocity
represented (e.@lassmeier et §l2001). The spectrum con- leads toVp), res=(—4.09£15.9) km/s. The relative error is
tains a clear maximum at the wave numbge=0.005 knt 1, AV, /Vpr=3.9. As mentioned before, the sign of the phase
For the given wave number the directional power spectrunvelocity is important to identify the propagation direction. In
is displayed in Fig6. Latitude and longitude in GSE co- this case the erroAV,;, exceeds the phase veloci¥y,, so
ordinates are used, i.€¢9;,,=0°, ¢;,;=0°) corresponds to that the propagation direction is ambiguous.
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4 Results of the statistical analysis (w,..k) Distribution (WeeK) Distribution
R e

We apply the analysis method described in the previous sec- { . +
tion to the selected 37 time intervals within the dayside mag- gl 1 03} .
netosheath, resulting in a statistical survey of wave properties : 4 2
in this region. All in all, we have analyzed 407 frequencies o 02t &, . A
and have identified 516 wave vectors, i.e. in some cases w ~ Byt . .
find more than one wave vector at a given frequency. In the d g ol “’?iiw e
following we denote a frequency and its corresponding wave 0.4} {1 {f}z, £oraloe
vector(w, k) as wave event. Xt o R

The (v, k)-distributions found are displayed in Fig. 0.2} 00 5 * ________
for both frequencies in the spacecraft, as well as in the ~
plasma rest frame. Frequencies are normalized to the proton- 02 04 06 08 0.1 of; o4 06 o8

cyclotron frequencyQ.=e|B|/m, and wave numbers to kv, /Q, kv, /Q

Qc/Va, whereV2=B2/(2uopm)) is the Alfvén velocity,e

the electron charges, the proton mass andg the mag-

netic susceptibility. Frequencies for which wave events have 19 7 The (.)-distributions in the spacecraft frame (left) and in
been detected are almost regularly distributed up to a normaith® Plasma rest frame (rightj2. is the proton cyclotron frequency
ized frequency of 0.95 in the spacecraft frame and 0.4 in thé"dVa the Alfven velocity.

plasma rest frame. The associated normalized wave numbers
range up to 0.9, with the majority of events exhibiting wave
numbers up to 0.5. The range of phase velocities in the rest

malized wave numbers are in the ran@e, 0.4). We inter-

pret this group of wave events as spatial structures at rest in _

the plasma frame and convected past the spacecraft. The sec- © R :

ond population, containing 153 events, exhibits normalized 0 ! V| ,2\, 3

frequencies in the rang@.05, 0.4) and the corresponding e

waves propagate in the same direction as in the spacecraflig g Histogram of phase velocities in the spacecraft frame and in

frame. For the remaining 12 events, the third group, we findpjasma rest frame, taking into account the Doppler shift.

negative plasma rest frame frequencies lower th@r95Q2,.

These structures propagate from the magnetopause to the

bow shock. Vpn.rest>0.3Vy4; this means that these waves are propagating
In the following we shall discuss the different wave events waves in the plasma rest frame.

found according to their wave phase velocity, their propa- Figure9 displays the distribution of the small phase veloc-

gation direction by using a Friedrichs-diagram representaity (|Vpn resi<0.3V4 ) population with phase velocities in

tion, their wave numbers and wave lengths as well as theithe interval(—0.3, 0.3). To decide whether these waves are

propagation direction with respect to the GSE coordinateindeed propagating in the plasma rest frame or are just stand-

system. Figure8 displays a histogram of wave phase ve- ing structures, a detailed error analysis for the phase veloci-

locities Vpj se=wsc/k and Vp, res=wrest/ k, Normalized to  ties has been performed. For the majority of the events (solid

the Alfvén velocity of the particular analysis interval. Av- line in Fig. 9), 265 out of 374, the error estimation gives a

eraged over all analysis intervals, the Adfv velocity is  relative errorAwresywrest>1. This implies that the sign of

V4~100 km/s, while the average magnetosheath flow velocthe rest frame velocitypj, rest iS undetermined. Accord-

ity is Vgw~200km/s. In the spacecraft frame of referenceingly, the propagation directions are ambiguous; therefore,

the phase velocities exhibit a broad, almost symmetric dis-o clear propagation behavior can be determined. We clas-

tribution centered at a normalized velocity of about 1.5. In sify these wave events with small phase velocities as stand-

the plasma frame of reference, however, two different popu-ing structures. However, for 81 wave events with positive

lations emerge. For 374 wave events the normalized velocityand 28 wave events with negatiW, rest We determine a

is smaller than 0.3. We interpret these events as standingelative errorAVpy, rest/ Ven.rest<1 (dotted line Fig9). For

or slowly propagating structures convected with the magnethese events the propagation direction is known unambigu-

tosheath flow. For the remaining 142 wave events we findously, and the events can be identified as slow propagating

frame is also rather broad, i.e. various phase velocities can be i ]
. - »n 150 sc Frame —
identified. £ F 1
L . o . o - Plasma Rest Frame R

In the (resy K)-distribution we can distinguish at least @ [ ]
three different populations of wave events. The first is in © 100~ 7
the frequency rangé—0.05¢2,, 0.05%2.), centered around é ]
wrest=0 Hz; 351 events belong to this population. Their nor- 3 5ol h
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(solid) and slow propagating waves (dotted) in the plasma rest Voerp I Va
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Fig. 11. Friedrichs diagram of perpendicular propagating wave
— events that are identified as standing structuigg, £0.3V4) and

1.5F
perpendicular propagating fluctuatiorig,f, >0.3V4).
1.0t .
05F ] of V,4rq are due to wave vectors directed antiparallel to the

magnetic field. To simplify matters we combine all wave
events to a single Friedrichs diagram, although the plasma
properties differ for each time interval; only the Aéfm ve-
locity is used here as a normalization parameter.

05 As before, different wave populations can be distin-

10k 1 guished. This time the propagation direction is used as a
N classification tool. Defining all waves with propagation di-

A5hL. rections in the rang& z=(75°, 105’) as quasi-perpendicular

15 1.0 OI 5 ' 0'0 B 0'5 B 1'0 ' '1r5 propagating waves, allows one to identify 324 out of the 516
' ' VoIV, ' ' events to belong to this class. Their Friedrichs diagram is
pere displayed in Figl1l. The majority of them, 265 events, have

Fig. 10. Friedrichs diagram of magnetosheath wave events. TheSmall phase velocities, lower tharB'. This low velocity

radii of the circles denote the phase velocitie8W, (dotted), ~ Wave population is composed of standing structures and slow
0.8V, (dashed) an@, (solid). propagating waves already discussed and displayed before in

Fig. 9. Theoretical investigations on waves in an anisotropic

plasma indicate that wave structures with vanishing phase ve-
waves. Concerning the 142 wave events with fast phase vdocity andk perpendicular taB may be identified as mirror
locities Vp, rest>0.3V4, almost all of them exhibit relative modes. Therefore, we assume, that the standing structures’
errorsAVpy rest/ Vi rest<1, Which implies that their propa- population indicates the existence of mirror modes, as found
gation direction is also properly determined. in the magnetosheath in many previous investigations.

To further analyze the wave events found, we determine The remaining 59 quasi-perpendicular wave events
the angled, g between the background magnetic fi#ldav- (6x,p=(75°,105)) are characterized by phase velocities
eraged over the respective analysis interval, and the wavabove 03V,4, but smaller than the local Alen velocity.
vectork, which is parallel to the phase velocity vectid;, Mode identification of these events is more difficult. They
according to our definition. This allows one to display wave cannot be interpreted as, for example, perpendicular prop-
phase velocities using a polar plot with respect to the direc-agating magnetoacoustic waves in a higtplasma, as in
tion of the background magnetic field, which is compara- this case their phase velocity should be larger thian Ki-
ble to the Friedrichs diagram, of MHD waves. Figt@  netic effects cannot explain their small phase velocity, either.
shows such an experimental Friedrichs-diagram using alKrauss-Varban et a(1994 have calculated phase velocities
wave events foundV,,,, andV,,,, denote the components of kinetic plasma waves as a function®tnde for k-values
of the phase velocity vector parallel and perpendicular to thediscussed here. They found that only the slow magnetosonic
ambient magnetic field. Negative values o¥,.,, occur,  wave has phase velocities beld%, which, for large values
if wave vectors change their sign, so that the Doppler shiftof 8, become almost zero, also in a highplasma regime.
leads to negative frequencies (see S8ct.Negative values To further identify these events, we have performed a cross-
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spectral analysis between plasma density oscillations and 1.5F T T T T T
magnetic field magnitude variations, which indicates a pre- . Ve =V,C0S0 T ]
dominantly out-of-phase relation between these two plasma 10F 5 ]
parameters. This supports the idea of this population also j ]
representing mirror mode structures, but propagating ones. 0_53_ E
As alocal instability analysis demonstrates that mirror modes < ]
are zero-frequency and non-propagating structures, we spec- ~ ook 1
ulate these wave events are mirror modes modified so as to 8 ]
have finite frequencies. The growth of such mirror modes > ]
is explainable by several theories: In an inhomogeneous 05¢ ]
plasma the gradients of the plasma density or the magnetic i ]
field can lead to drift mirror modes with real finite frequen- '1'0:' . ]
cies Hasegawal969 Pokhotelov et a).2007), as well as 1 5: ]

an asymmetric velocity distribution functiosédalin et al.
2002. Johnson and Cher{@997) suggest a global instability -15 -1.0 -05 00 05 10 15
analysis of mirror modes, including the effects of gradients Vierp I Va

and plasma flow, resulting in global mirror modes with non- _ o , o .
zero frequencies and phase velocities. These interpretatiorfad- 12 Friedrichs diagram of Alfén-like wave events featuring
are also supported by the fact that about 50% of such mirroP"2€ velocities comparable g x cosy (dotted line).

mode structures identified come from a single time interval

located in the middle of the magnetosheath. A global insta- *
bility analysis is thus required to unravel the properties of 120

drift mirror or global mirror modes. However, such an anal- , ;oF — all events ]
ysis is beyond the scope of this statistical study. In the non-§ F _ ]
linear wave theory the perpendicular propagating events cani 80 standing structures =
also be interpreted as slow mode solitones that have phas€ .t --- Alfvenic waves ]
velocities smaller thaWp, =V (Stasiewicz20044ab, 20095. é F ) ]
The Friedrichs diagram of the remaining population of 2 49F “ Perp. propagating waves

quasi-paralleld, 5=(0°, 30°)) and obliquef; 3=(30°, 75°)) 20
propagating waves is shown in Fig2;, 192 events be- Pl
long to this population, which also contains as a subset 00 01 o2 03 o4 0:5 06 07 08
the slow propagating waves with an unambiguous propa- KV, /Q,

gation direction discussed earlier. They are located in the

Friedrichs-diagram around the lemniscafg, =V, x cosf Fig. 13. Wave number histograms of all wave events and of different
(dotted line), i.e. the lemniscate of the A#r mode in the  Wave populations.

MHD-theory. Gary (1992, for example, determined the

Friedrichs diagrams for kinetic wave modes under magne-

tosheath plasma conditions and found that the branch of\lfvén modes. Since the slow mode is believed to be heav-
the Alfvenic waves is comparable to that branch with the ily damped under nominal magnetosheath plasma conditions
Alfvén phase velocity/,,=V4 x cosd of MHD-theory. It (Krauss-Varban et al1994, one can assume that the dis-
is thus tempting to identify the wave events displayed incussed wave events belong to the class of édfe waves.

Fig. 12 as Alfvenic wave structures in the magnetosheath.In other words, the accuracy of the determined phase ve-
However, one has to check for the possibility of theselocities is good enough to identify wave events as Atfic
events being slow mode waves. If the thermal pressuravaves, but Alfien modes and slow modes cannot be distin-
pin becomes larger than the magnetic pressure B2/2u0, guished. On the other han8tasiewicz(2005 suggest de-

the sound velocityCs is higher than the Alfén velocity ~ scribing magnetosheath waves in a fluid picture, where it is
V4. Under the highB=p;,/ps conditions observed in Nnotnecessary to distinguish between both wave modes.

the magnetosheath, the phase velocity of the slow mode As a further method to organize the wave events identi-

. fied, we use their wave numbers. For the total distribution,
vz =1 (Vj+C§—\/(Vj+C§)2—4VjC§ co26 ) is com-

slow™ 2 as well as the different wave populations previously iden-
parable to the phase velocity of Alm waves. Using the tem- tified we generate histograms of wave numbersormal-
perature measurement of the CIS instrument on board CLUSized by V4 /2. (Fig. 13). The distributions of the Alfénic
TER 1; we calculate the sound veloci€x=,/ykpT /m,, population and the standing structures show similarities con-
wherem, stands for the proton mass apdfor the poly-  cerning maximum and shape. In both cases we identified
tropic index. The conditiorlfs>V, is satisfied for all ana- the largest number of waves aroukg0.15x ./ V4 with
lyzed time intervals; thus, the wave events of the Alfic widths of the distributions betweekh=0.05xQ./V4 and
wave population can be interpreted as slow modes, as well as=0.3x ./ V4. The most frequent wave number of the
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in mind, that our analysis includes a large nhumber of time
intervals covering very different plasma properties, for ex-
ample, plasm# and the temperature anisotropy/ T vary
between each interval analyzed.

A wave propagation direction analysis with respect to the
GSE coordinate system indicates further clear differences be-
tween the different wave populations found. In the space-
, : craft frame of reference wave vectors are mainly aligned in
-, E the direction(¢;o,=+180, ¢1,,=0°) (Fig. 14, top), i.e. al-

1 most every wave event has a wave vector with a large nega-

+
A

3 ) S : .
§+ ] tive kx gsg component. This is in accord with our previous

rﬁfgﬁ finding of the magnetosheath flow around the magnetopause

+ + + ***:ﬁ organizing the wave propagation in the spacecraft frame of
t4+ + Standing _: reference.

) + + Structures 1 The spatial distribution of wave propagation directions in
%y . ’ ’ the plasma rest frame depends on the topology of the mag-
OF at,h +e v *+ ] netic field lines within the magnetosheath. Field lines are
draped around the magnetopause in such a way that they
3 are almost aligned along this boundary lay@pi(eiter et al.
1966 Kobel and Fickiger, 1994. Thus, waves propagat-
ing parallel toB should move along the magnetopause. Be-

: Perpendicular Propagating Waves E cause thé, component is smaller than tlie component for

88} + ) ’ T ’ ! most of the detected wave events (the y-axis corresponds to

+

. + o+ * +4] ¢==290C in the spherical representation, see Hid), those
+

Latitude [°]

Latitude [°]

Flu

Latitude [°]
o
o

|

+ + o+

O ++ ¥ st o wave events withf, p~90° should be directed towards the
+ bt 4F Sy +*§§ bow shock or the magnetosheath. For this reason the wave
; +* AR vectors of the standing structures are parallel or anti-parallel
g’ff : +1 to the X gsx-axis (Fig.14, second panel). Wave vectors di-
Alfvenic Waves L rected parallel toXgsg, i.€. ¢1o,=0°, ¢1,,=0°, belong to
9oL : : : : ; wave events with negative phase velocities. In some cases
-180 -120 -60 0 60 120 180 . .
Longitude [°] the wave vectors of perpendicular propagating waves tend to
be aligned with the magnetopause (Fid, third panel).
Fig. 14. Spatial distribution of the wave vector directions in the  Ag seen in the Eriedrichs diagram (Fitp) the Alfvénic
spacecraft frame (top), of standing structures (second panel), ofyaye population exhibits a broad distributionsgf. In con-
perpendicular propagating wave (third panel) and of &ffic wave ¢ +1 the standing structures and perpendicular propagating
events (bottom) in the plasma rest frame. L -
waves, the Alfénic wave events have no favored propagation
angle. Hence, the wave vectors of the Afic population
are scattered around the local magnetic field vectors and do
perpendicular propagating wave events i6-a0.1x€2:/Va,  not exhibit any preferred direction with respect to the GSE
buttheir total number of wave numbers is much smaller,cqordinate system (Fig4, bottom).
which questlons any comparison with the other two wave Figure 15 displays phase velocity vectorg ,;, of the
populations. Alfv énic wave events in the GSE coordinate system. As ex-
The magnitude of the non-normalized wave numbers is bepected from the Friedrichs diagram (Fit2) wave events
tweenk=0.001 knT ! andk=0.01 km1. The configurations  with V,n~V,4 propagate along the magnetopause, because
of the CLUSTER satellites are sensitive to wave numbersof their quasi-parallel propagation anglg;. In contrast to
up to k=0.032knT !, so that our analysis is not restricted this, slow velocity wave events of the ABwic wave popula-
by spatial aliasing, due to the spacecraft separation. Fotion are directed towards the bow shock or magnetopause.
the Alfvénic population and the standing structures, nearly To compare wave vectors found with a classical analysis
80% of the wave numbers are betweks0.0015knT?! technique, we determine the propagation direction with the
andk=0.0085 knT 1, corresponding to wavelengths between minimum variance analysis (MVA). The minimum variance
A=740km andA=4200km. Using a program presented by directione,,;, is determined by the method ®&cPherron
Gary (1992 the wave number of maximum growth rate of et al. (1972, using the real part of the spectral density ma-
the proton-cyclotron instability and the mirror instability is trix, so thate,,;, can be estimated for a given frequency. Fig-
found to be approximately=0.1025x 2./ V4 for the con- ure 16 shows the anglé,;y 4 betweene,,;, and B plotted
ditions ,=8.0, T / Tj=1.5 andV, /c=1x 104, wherec is overéyg. For quasi-perpendicular angles; the MVA leads
the speed of light. This wave number is close to the max-to uniformly distributed values @,y 4 between @ and 90.
imum of the distribution in Figl3. But one has to keep One has to take into account thg;,, does not correspond to

Latitude [°]
o

-30

e T +
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the wave propagation direction for linear polarized waves, for 18 T

example, mirror modes. Thus, only events with <60° are i v /BS ]
comparable with the means of MVA. In most cases the MVA A Alfvenic Waves MP -]
delivers larger propagation angles than the wave telescope, %

while some angle®yv4 are similar to the corresponding
Orp. The propagation direction of the wave telescope analy-
sis can differ toe,;;,. However, the good correlation of the
theoretical Friedrichs diagram and the phase velocity distri-

r.GSE [RE]
s
\\\
~
N

12F

/
butions of the Alfienic wave events (Figl2) justifies the i / ﬁ Z
application of the wave telescope technique. A / %
K / @/ 1 / ]
] w ﬁ% /
5 Summary and conclusions 8 L s ! VI .

14 12 10 8 6 4 2 0

The wave telescope method, as described in Segutas ap- Xose [Rel
plied to magnetic field data of the CLUSTER satellites, and _ oci lized "
wave numbers and propagation directions have been evalf9- 15 Velocity Vectors V pj rest normalized to Vs of

. . . . he Alfvénic wave events in the GSE coordinate system with
ated unambiguously in the dayside magnetosheath. With aal— > >
ditional information about plasma flow velocity and proton "GSE=y YGsetZGsE:
density information we have developed a survey of disper-

sion distributions, phase velocities, propagation angigs

and propagation directions in the magnetosheath of fluctua- R ' SRRy ¢
tions in the plasma rest frame. 80 ., RIS

The investigation of¢, k)-distributions and Friedrichs di- . . ’ “ i‘ﬁé
agrams leads to three different populations of wave events. S * * + A R iyl
Most of the wave events are standing structures in the plasma 60 i f* " poc *;}*ff{f
rest frame, i.e. most wave events are convected structures in & 1 - o LR
the magnetosheath plasma flow. These standing structures < - + - E***"‘?i:{ﬁ
have the largest variation in the direction quasi-perpendicular < 401 . . e *;*‘ﬁj
to the magnetic field. In general, the magnetic field lines . . EER
of the dayside magnetosheath are draped along the shape of o, .t g’*’ 4
the magnetopause. Thus, the standing structures are oriented 20 I 5 ‘if*’ﬁ
towards the magnetopause and in the opposite direction to- E o o 1
wards the bow shock. ol e

A small wave population featuring quasi-perpendicular 0 20 40 60 80
propagation angles contains wave events with finite phase ve- Bs [°]

locities below the Alfen velocity. As these events exhibit an

out-of-phase relationship when comparing density and magFig. 16. Angle 8,y 4 betweenB and the minimum variance direc-
netic field fluctuations, we tend to interpret them as mir- tion e,,;, compared to the propagation anglgs, determined by
ror mode waves in a non-uniform magnetosheath, in whichthe wave telescope.

case we expect non-zero frequency, propagating global mir-

ror mode structures.

As a third major population we detected a large hum- While the wave propagation directions differ between the
ber of wave events complying with the Afim branch of three populations identified, the wave numbers and wave
the Friedrichs diagran¥,,=V4 x cosd. The total number lengths are comparable. Typical wave lengths are of the or-
of wave events of the standing structures is slightly higherder of 740-4200km. If we assume a typical distance be-
than the number of Alfénic wave events. This result can tween the bow shock and the magnetopause, of the order of
be explained, because the selected time intervals are locate®D 000 km, this means that the majority of wave events are
closer to the magnetopause, where plasma conditions leaithideed propagating in the sheath and are not influenced by
to a preferred growth of mirror modes. The decision as tothe boundaries of the magnetosheath. Only for the group of
which wave mode is represented by a wave event requireslowly quasi-perpendicular propagating global mirror modes
further in detailed case studies, especially for the perpendicdo the spatial structures need to be considered. Future work
ular propagating wave events. Nevertheless, the wave telewill concentrate on this area. Also, while here we concen-
scope analysis confirms the generally accepted fact that mitrated on magnetic field observations mainly, further studies
ror modes and Alfen/proton-cyclotron waves are the pre- are necessary and planned considering additional plasma pa-
dominant wave modes in the magnetosheath (@eanton rameters or various transport ratio paramet&sng et al.
2000. 1994 Denton et al.1995. In particular, the implementation
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of wave mode filtersGlassmeier et 311995, together with  Glassmeier, K.-H., Motschmann, U., and v. Stein, R.: Mode recog-
the wave telescope algorithm, will enhance the analysis tool, nition of MHD wave fields at incomplete dispersion measure-
in order to identify individual wave modes under differ-  ments, Ann. Geophys., 13, 76-83, 1995.
ent plasma conditions in the magnetosheath plasma enviro,{dasegawa, A.: Drift mirror instability in the magnetosphere, Phys.
ment. Furthermore, future statistical studies will reveal the Fluids, 12, 2642-2650, 1969.
differences between waves downstream of the quasi-paralldfuPe't D~ Lacombe, C., Harvey, C. C., and Moncuquet, M.
and the quasi-perpendicular bow shock, and will investigate Nawure: properties, and origin of low-frequency waves from an

. . ) oblique shock to the inner magnetosheath, J. Geophys. Res., 103,
the evolution of waves from the outer to the middle and inner 5 7g3_og 798, 1998.
magnetosheath. Also, the relation to waves upstream of thgonnson, J. R. and Cheng, C. Z.: Global structure of mirror modes

bow shock will be analyzed to expose the origin of magne- in the magnetosheath, J. Geophys. Res., 102, 7179-7190, 1997.

tosheath waves. Kobel, S. and Rickiger, E. O.: A model of the steady state magnetic
field in the magnetosheath, J. Geophys. Res., 99, 23617-23622,
1994.
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