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Abstract. Physical processes of the energy transport in solarl  Introduction

wind turbulence are a subject of intense studies, and different

ideas exist to explain them. This manuscript describes the in-

vestigation of dispersion properties in short-wavelength mag-Solar wind is often believed to be in a fully developed turbu-
netic turbulence during a rare high-speed solar wind eventent state. Yet, energy transport across different scales (or en-
with a flow velocity of about 700 knTg using magnetic field ~ €rdy cascade) in collisionless plasmas is one of the unsolved
and ion data from the Cluster spacecraft. Using the multi-Problems, and different scenarios exist. The fact that fluctua-
point resonator technique, the dispersion relations (i.e., fretion amplitudes are small compared to the background mag-
guency versus wave-number values in the solar wind framepetic field leads us to hypothesize that the weak turbulence
of turbulent magnetic fluctuations with wave numbers near@PProximation may be valid in solar wind turbulence. In this
the inverse ion inertial length are determined. Three major@PProach various linear modes are considered to be nearly in-
results are shown: (1) the wave vectors are uniformly quasidependent components of the turbulent fluctuations and their
perpendicular to the mean magnetic field; (2) the fluctuationdnteractions to be weak so that many collisions of wave pack-
show a broad range of frequencies at wavelengths around th@tS are needed to reach higher frequencies and wave num-
ion inertial length; and (3) the direction of propagation at the bers. Our concern here is short-wavelength turbulence, that
observed wavelengths is predominantly in the sunward direcis. fluctuations with wavelengths of the order of less than the
tion. These results suggest the existence of high—frequencr?rOton inertial length. Two such linear modes are particu-
dispersion relations partly associated with normal modes or@rly relevant: kinetic Alfvén waves (KAWsBahraoui et a/.
small scales. Therefore nonlinear energy cascade process@812 and oblique magnetosonic/whistler (MS/WHS) waves

seem to be acting that are not described by wave—wave intekGary and Smith2009 Gary et al, 2012. Also, ion cy-
actions. clotron waves at quasi-parallel propagatiéte(et al, 2012

and ion Bernstein (IB) waves at quasi-perpendicular propa-
gation (Verscharen et 312012 Podesta2012 are likely to
exist in short-wavelength plasma turbulence.

One of the main problems in wave analysis of solar wind
turbulence is the Doppler-shifted frequencies in the space-
craft framewsc = wre + k - Vsw, Where subscripts “sc” and
“re” denote the spacecraft and the solar wind rest frame, re-
spectively, andk and V sy denote the wave vector and the
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solar wind velocity. While single-spacecraft data analyses of- s C1, Apr. 2, 2002, 0525-0635 UT
ten require Taylor’s hypothesiggylor, 1938 neglecting fre- 4

quencies in the rest framae, the dispersion relation analy- 2

sis by multi-spacecraft data is a powerful method of sepa- _ g —=
rating spatial and temporal variations. Multi-spacecraft mis- = 2 Al

sions like ClusterEscoubet et a12007) provide the oppor- ;
tunity for such a task, and can determine the wave vector
directly and thereby determine the Doppler shiftV sy un-
ambiguously.

78
The fluctuation properties are different between the slow?, §3E~ e ,]LYJI*WW fran
and the fast solar wind at 1 AU. While slow-wind turbu- = ég = E
lence shows characteristics of counter-propagating waves in =~ — = 05.00 06,30

the plasma rest frame with respect to the Sun-to-Earth direc-

tion, the fast wind is dominated by anti-sunward propagat-Fig. 1. Time-series data of the fast solar wind event measured by

ing waves on large scalelarsch and Tp19903. Dasso et Clustgr-l: magnetic field magnitud®| and cqmponents in GSE

al. (2009 found a slab fluctuation geometry associated with ¢00rdinatess, (black), By (blue), ands: (red) in the two top pan-

wave vectors quasi-parallel to the background magnetic field's: ‘o bulk velocityl Vsl in the middie and ion number density

. : - . n; in the bottom panel. The gray shaded time intervals are used for

in fast solar wind turbulence and a two-dimensional geom-, analysis.

etry associated with perpendicular wave vectors in the slow

solar wind. As weak turbulence conditions seem to be ful-

filled at sufficiently short wavelengths in the solar wind, we

hereby raise the question if it is possible to describe the high2 Data selection and analysis

speed solar wind turbulence as an interacting set of linear

wave modes. On 2 April 2002, 05:25-06:35 UT, the Cluster satellites en-

Studies about mode identification in solar wind turbulencecountered a high-speed solar wind event in front of the Earth

have been done for a long time by using the magnetic andvhile forming a nearly regular tetrahedron with separation of

electric field spectrumlLeamon et al. 1998 Bale et al, about 100 km and@gwm in the range of B2 to 272. The in-

2005 Salem et al.2012 as well as investigations of mag- dex Qgm characterizes the satellite spatial configuration: the

netic variance anisotropyTénBarge et al.2012 and sug- regular tetrahedron geometry is representedlay = 3, a

gest that KAWSs are the main constituent of short-wavelengthplane where all satellites lie b9 gm = 2, and a collinear ge-

solar wind turbulenceSahraoui et al(20103 and Roberts  ometry by Qgm = 1, respectively fom Stein et al. 1992

et al. (2013 confirm these observations, since they iden- Robert et al. 1998. We use time-series data registered by

tify only KAWSs at frequencies lower than the gyrofrequency the fluxgate magnetometer (FGMVB4dlogh et al. 2001) on

of the protons ¢ < €2p) using the k-filtering (or wave tele- board Cluster and the Cluster ion spectrometry experiment

scope) techniquePincon et al. 1991, Motschmann et al.  (CIS) (Réme et a].2001) at sampling rates of 22Hz and 4 s,

1996 Glassmeier et gl20017). In contrast, the analysis done respectively. We split them into 5 sub-intervals with lengths

by Narita et al.(20118 using the multi-point signal res- of 5-13 min (Fig.1), so that all these sub-intervals exhibit an

onator technique, MSR\arita et al, 2011H, showed high-  almost constant local flow velocity and magnetic field with

frequency ¢ > Qp) fluctuations in weak agreement with magnitude variation about 0.1 nT and directional variation

MS/WHS modes but without evidence of KAWSs at scales about 10 with about 18 for the last interval. Thus, we con-

around the inertial length of the ions. clude that the data fulfill the required analysis assumptions of

In this paper we study a case of high-speed solar winda stationary and homogeneous situation. The averaged mag-

turbulence at ion kinetic scales using the MSR technique netic field magnitudeBg over the sub-intervals is 4.3 nT; the

which is very useful for dispersion relation analysis due flow velocity Vsw is between 714 and 740 km% the ion

to the enhanced signal-to-noise ratio compared to the wavaumber density: about 1.7 cm3. The plasma parameter for

telescope spectrum. Our analysis shows strong evidence girotons, gy, is about 23; the ratio of the ion temperatures

quasi-perpendicular wave vectors with respect to the backperpendicular and parallel to the magnetic figld 7} is 0.9

ground magnetic field, a broad range of frequencies (< as well aslp/ Te =~ 3.4, the ratio of the total ion and electron

8Qp) over 0< kVa/Qp < 3, whereVu denotes the Alfvén  temperature. Tablé presents the parameters for each inter-

velocity, without a clear (k) dispersion relation, and weak val. We exclude foreshock activities in the data by checking

evidence of sunward propagating fluctuations at wavelengthshe ion distributions from CIS.

smaller than the ion inertial length of the protons is found. The analysis procedure is as follows. First, we transform
the magnetic field data from the GSE (geocentric solar eclip-
tic) into the mean-field-aligned (MFA) coordinate system,
wherez is parallel to the local mean magnetic figkd. The
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Table 1. Solar wind parameters of the five selected intervals. Electron temperatures were measured by the electron plasma instrument,
PEACE (ohnstone et gl1997).

Start[UT] End[UT] BoInTl Vswlkml fp Tu/Ty Tp/Te Splrads] Va/Qplkmrad?]

05:25:00 05:30:08 4.41 740 2.13 0.80 3.2 0.41 180.0
05:31:18  05:41:19 4.37 740 223 0.89 3.4 0.41 178.7
05:42:59 05:49:19 4.30 737 2.42 0.89 34 0.41 179.0
06:06:46 06:20:05 4.10 714 2.65 0.79 3.5 0.39 180.6
06:21:06 06:29:07 4.06 725 2.55 1.04 3.5 0.39 182.8
2002-04-02, 05:31:18-05:41:19 UT nent, theN independent windows, and measurements of the
10? ' T four satellites.
10'E T95% o Third, the satellite separation and configuration as well as
Py | the the flow velocity limit the accessible wave-number and
E 10° 1 frequency range. The maximum wave number corresponds
S } t0 kmax=0.022 rad k! (Glassmeier et 312001). The min-
&, 107 | imal wave number is set tdmin = kmax/10, suggested by
S ; numerical studies oSahraoui et al(20108, such that the
& 19 ! relative error of the determined wave vector is smaller than
1073 10 %. Applying the analysis to spacecraft frequencies lower

| thankmax- Vsw/2r = 2.5Hz avoids spatio-temporal aliasing
- S what is met by the limitation due to the noise frequenfgy.
10 i [He] 10 Frequencies around the spin frequencies are excluded from
* the wave vector analysis, too.
Fig. 2. Power spectra of the magnetic fluctuations parallel and per- The adaptive MSR technique estimates the wave power
pendicular toBg of the second interval with spectral break around P (w, k) at a certain frequency and wave vectok using a
fsc~ 0.4Hz. The peak at 0.25 Hz is spacecraft spin frequency.  minimum variance projection weighted by the orthonormal
condition between noise and signal eigenvectors of cross-
spectral density of the magnetic field data. Thus, the MSR
technique in combination with the FFT settings enables us to
y axis results fromBg x Vsw, and thex axis completes the determine the wave powet(wsc, k) at various wave vectors
right-hand system. for wave frequenciessc < 2r foyt with a sampling stepw =
Second, the power spectrum in the spacecraft frame of th@-135rad s* assuming coherent, long-time existing, plane
magnetic fluctuations for each interval is estimated by fastVave structures. Here, the spherical wave vector domain is
Fourier transform (FFT) withv non-overlapping (i.e., inde- discretized into a 108 60x 70 grid in radial, azimuthal,
pendent) windows containing 1024 data points. Figudes- ~ nd polar directions. The sampling steps &re= kmax/100,
plays representatively the power spectra of parakigk= P,, 8¢ =6" andsg =1° close to 0, 90, and 180otherwise 5. A

q dicular fluctuation®: — /P2Z+ P2 with set of frequency and wave vector is obtained at which waves
and perpendicular fluctuations, | = Vox + £y, with re- exist clearly if a value o (wsc, k) is a local maximum at the

It represents a typical solar wind spectrum in that the Perrepresented in Fig as the projection of the spectrum into
pendicular fluctuations dominate and in that a spectral brealghe \ave-number planes (reduced power spectrum).
appears around 0.4 Hz separating it into two distinct spectral  Finally, since we are interested in the dispersion rela-
curves [eamon et a].1998 with spectral indexes of about  tions in the plasma rest frame, we correct for the Doppler
—5/3 and —11/3, respectively. The frequency around the ghift and plot the dre, k) combinations in Fig4. The wave
sp_ectra! break is co_mparableto the frequency of the Dopplerfrequency wye is normalized to the proton gyrofrequency
shifted ion gyroradius{, = Vsw/2rp = 0.47Hz, wherep o, —0.41rads? and the wave number to the proton in-
denotes the ion gyroradius. The maximum frequency for thegtja| |ength Va/Qp=178km, whereVa =72kms1 is the
wave vector analysis igcut = 1.2 Hz, where the FGM mea-  Alfvén velocity. The error of the estimated frequencies in the
surements reach the noise level indicated by the flattening afst frame is that of the Doppler shifilgrita et al, 2003.

the end of the spectrum. The peak at 0.25 Hz occurs due tqence the relative error of the frequencies d&re/wre| <

the spacecraft spin. The 95 % confidence intervals are evalugsy /x| 415V / V| < 0.12. The standard deviations of the ion
ated for 2<4x N and 4x N degrees of freedom, representing velocity data are used for this estimation.

the two perpendicular components and one parallel compo-
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Fig. 3. Example of a reduced three-dimensional power spectrum 101
from the second interval (05:31-05:41 UT) @dc = 3.44rads 1, 9
The white crosses indicate the maximum of the power spectrum.

3 Results

The results of the analysis are presented in £i§he quasi-
perpendicular wave vector orientation with respect to the
mean magnetic field at various wave numbers across the ion
inertial length is clearly visible in the upper panel show-
ing the angledxg between the wave vectors and the back-
ground magnetic field. The average of all measured angles
is (6kg) =92 with a standard deviation 0f°7On the other
hand, the observed points in the lower panel show an in-
crease in frequency spreading for increasing wave numbers
up to an order of magnitude, suggesting, afarita et al.
(20113, that identification of a specific normal mode may be
difficult. In addition to this earlier work, we use numerical
solutions of the full kinetic linear dispersion equati@afy, kV,/Q,
1993 and obtained frequency versus wave-number plots for
several different modes as plotted in FHg.From the com-  Fig. 4. Frequency—wave-number diagram. The arfigle between
parison, several conclusions can be drawn. determined wave vectors and the background magnetic field is
First, consider the solid lines, which represent the magneshown in the top panel indicating the quasi-perpendicular wave vec-
tosonic waves abre < Q2 and the lightly damped regimes tor chara_cterist_ic. The Ipwer panel shovys the distribut_ion of_the ob-
of the lowest frequency proton Bernstein (PB) harmonic?g:’:?o‘:'fhpeeﬁ'ggnggégg,i/ashYg:gra(s'\/'l'g/ev'f‘/rl_'tg)e‘;rgddsr%fgi'oé‘eﬁ'a'
. - - . . { ic/whi -
e a0 1 e %S (75, k) modes -0 e MGG ves -3
. . . .. (dashed line), and the kinetic Alfvéen waves (KAWS, long dashed
observed dispersion relations show weak agreement W|t|ne) at0 =80°. Error bars are plotted in light gray.
these normal modes.
Second, the short dashed line represents the MS/WHS
mode aty = 60> where the PB modes are suppressed. Here,
this obliquely propagating mode is a plausible representa-

tion of the wave properties. Its distinctly positive disper- T .
sion @2wre/dk? > 0) is a relatively weak function of and of wave prqpagaﬂon in the plas'ma.rest frame. A negative
possesses features similar to the observatiNasita et al. value ofewre |_n_d|cates sunward d|r_ect|on of the wave v ector
(20113 obtained a similar agreement using a cold plasmak’ and gposmvez_)re represen_ts anti-sunward propaga'Flon._To
representation for MS/WHS dispersion. determine the sign of dominant energy transport direction,
Third, the long dashed line represents the weakly dampe(‘:fvﬁ cal;ul?jted the v:}ave powerfraﬁﬁ’+ - I.JB)/(PfF.—}_ P‘)(’j
kinetic Alfvén mode propagating at 8@elative to the back- where en_otes the power o waves W.'t pogltwag an
ground magnetic field. The dispersion of this mode is pro—P* fgr ndegatl\_/e vz;lues, rtlegpe;thlv:aly, S'T‘”ed mhthe \;wvave-
portional tok so that, given the strongly oblique propaga- humber domain. T € resu tis Isplayed in Fagwhere t €
tion of each mode observed here, this curve represents a\ﬁalue—l IS assomgted W|th_dom|nant sunward prop.aga.tlon
approximate upper bound for any correlation with the obser-and.—i_.l with a domln_ant f':mtl-SL_mward one. The dlstr|<but|on
vations. Thus, as iNarita et al.(20113, the substantial ma- ?Xh'b'ts two populations: the f.'r5t one arOUhHA/QP 51 )
jority of points on the frequency—wave-number distribution indicates an energy balance in counter-propagating waves;

lie closer to the predicted MS/WHS dispersion curve than tothe second populatlon avp/<p 2 1is dominated by sun-
. ward propagating waves. The error bars refer to the width
the predicted KAWSs.

of the binning intervals and the variance of the determined

lw,e/Qpl
o
T
®
A

The analysis also provides information about the direction
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T ] show the narrow one-to-one correspondence between fre-
guency and wave number predicted by linear theory. The ab-
sence of such a relationship suggests that nonlinear processes
are important here, and a pure weak turbulence treatment
[ 4+ o ] seems not to be justified for this event unlike other multi-
op--——--— - R — spacecraft dispersion relation observationsSahraoui et
r al. (20103 andRoberts et al(2013. Nonlinear effects that
—6— ] might contribute to broadening of the frequency spectrum in-
- +[ [ 1 clude wave—particle interactions (e.g., kinetic instabilities as
=1 B H ] discussed byKasper et al(2002, Hellinger et al.(2006),
_(sunword) andBale et al.(2009), as well as wave—wave interactions
10~ 10° (e..g., turbulent cascades as _iIIustrated in Fig. $vidzin-
KV, /0 ski et al.(2009). Future studies should address the effects
AP of nonlinearities on dispersion, for example, by constructing
Fig. 5. Power ratio between sunward and anti-sunward IC)ropagt,mn%dispersion pI(_)ts for different levels of fl_uctuati_on amplitudes.
WaVES. n our analysis we assumed the long-time existence of coher-
ent and plane wave structures in the fluctuations so that other
structures may exist but were not identified.
power ratio values, respectively. The average number of data The discovery of a balanced ratio between sunward and
sets in one binning interval is about 15. anti-sunward components and a tendency of transition into
sunward-orientated ones for higher wave numbers are in con-
trast to the scenario of Alfvénic turbulendddrsch and Tu
4 Discussion and conclusion 19904. Fluctuation properties are very different between the
magnetohydrodynamic and kinetic regimes.
Using magnetic field and ion measurements from the Cluster
spacecraft during an interval of high-speed flow in the so-
lar wind, we have used the MSR technique to analyze thefcknowledgementsThis work was supported by CRC 963 “As-
plasma frame frequency versus wave-number dispersion rdrophysical Flow, Instabilities and Turbulence” of the German Sci-

lation for turbulent magnetic fluctuations. We find three ma- ence Foundation, Bundesministerium fir Wirtschaft und Technolo-
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to the local average magnetic field. Second, the plasma frame  1opical Editor L. Blomberg thanks S. Bale and one anonymous
frequencies at a given wave number range from nearly zer@eferee for their help in evaluating this paper.

to several time$2, with weak agreement with proton Bern-

stein and magnetosonic/whistler dispersion relations. Third,

the direction of propagation in the plasma rest frame at rel-References

atively short wavelengths is predominantly in the sunward

[(anti—sunward

(P+_P—>/(P++P—)

Bale, S. D., Kellogg, P. J., Mozer, F. S., Horbury, T. S., and

direction. . . . Reme, H.: Measurement of the electric fluctuation spectrum of
The quasi-perpendicular character of the wave vectors is magnetohydrodynamic turbulence, Phys. Rev. Lett., 94, 215002
consistent with previous solar wind measureme&thfaoui doi:10.1103/PhysRevLett.94.215005. Y ’
et al, 2010h Narita et al, 20113 and with computer sim-  paje 5. p., Kasper, J. C., Howes, G. G., Quataert, E., Salem, C.,
ulations of short-wavelength turbulendeégwes et al.201% and Sundkvist, D.: Magnetic fluctuation power near proton tem-
Chang et al.201]) and confirms recent studies Byren et al. perature anisotropy instability thresholds in the solar wind, Phys.

(2012, who determined the formation of a two-dimensional Rev. Lett., 103, 211101, ddi0.1103/PhysRevLett.103.211101

structure as a transition into small-scale fluctuations in the 2009.

fast solar wind. Balogh, A., Carr, C. M., Acufia, M. H., Dunlop, M. W., Beek, T.
The observed dispersion relations show no clear evidence J-» Brown, P., Fornacon, K.-H., Georgescu, E., Glassmeier, K.-

of normal modes, but the existence and dominance of high- H-» Harris, J., Musmann, G., Oddy, T., and Schwingenschuh, K.:

frequency waves confirm the observations frivarita et al. The Cluster Magnetic Field Investigation: overview of in-flight

L . performance and initial results, Ann. Geophys., 19, 1207-1217,
(20113 at lower flow velocities of about 400 knts. Fig d0i:10.5194/angeo-19-1207-2Q(001.

ure 4 shows a very narrow distributiqn ‘?f p.ropagation an- Chang, O., Gary, S. P., and Wang, J.: Whistler turbulence forward
gles of about 90 but a very broad distribution of plasma  a5cade: Three-dimensional particle-in-cell simulations, Geo-

frame frequencies for a particular choice of wave number. It phys. Res. Lett., 38, L22102, db.1029/2011GL049822011.
covers frequency and wave-number ranges of the MS/WHS

and PB modes and those of the KAWSs, but it does not

www.ann-geophys.net/31/1949/2013/ Ann. Geophys., 31, 192955 2013


http://dx.doi.org/10.1103/PhysRevLett.94.215002
http://dx.doi.org/10.1103/PhysRevLett.103.211101
http://dx.doi.org/10.5194/angeo-19-1207-2001
http://dx.doi.org/10.1029/2011GL049827

1954

C. Perschke et al.: Dispersion relation analysis of turbulent magnetic field fluctuations in fast solar wind

Chen, C. H., Mallet, A., Schekochihin, A. A. S., Horbury, T. S., Narita, Y., Glassmeier, K.-H., Schaefer, S., Motschmann, U., Sauer,

Wicks, R. T., and Bale, S. D.: Three-dimensional structure so-
lar wind turbulence, Astrophys. J., 758, 120, d6i1088/0004-
637X/758/2/1202012.

Dasso, S., Milano, L. J., Matthaeus, W. H., and Smith, C. W.:

K., Dandouras, |., Fornacon, K.-H., Georgescu, E., and Reme,
H.: Dispersion analysis of ULF waves in the foreshock using
cluster data and the wave telescope technique, Geophys. Res.
Lett., 30, doi10.1029/2003GL017432003.

Anisotropy in fast and slow solar wind fluctuations, Astrophys. Narita, Y., Gary, S. P., Saito, S., Glassmeier, K. -H., and

J., 635, 181-184, 2005.

Escoubet, C. P., Fehringer, M., and Goldstein, M.: Introduc-
tion The Cluster mission, Ann. Geophys., 19, 1197-1200,
doi:10.5194/ange0-19-1197-200001.

Gary, S. P.: Theory of Space Plasma Microinstabilities, Cambridge
University Press, Cambridge, 1993.

Gary, S. P. and Smith, C. W.: Short-wavelength turbulence
in the solar wind: Linear theory of whistler and ki-

Motschmann, U.: Dispersion
lar wind turbulence, Geophys.
doi:10.1029/2010GL046582011a.

relation analysis of so-
Res. Lett, 38, L05101,

Narita, Y., Glassmeier, K.-H., and Motschmann, U.: High-

resolution wave number spectrum using multi-point measure-
ments in space — the Multi-point Signal Resonator (MSR) tech-
nigue, Ann. Geophys., 29, 351-360, d@i:5194/angeo-29-351-
2011 2011b.

netic Alfvén fluctuations, J. Geophys. Res., 114, A12105, Pincon, J. L. and Lefeuvre, F.: Local characterization of homoge-

doi:10.1029/2009JA014522009.

neous turbulence in a space plasma from simultaneous measure-

Gary, S. P, Chang, O., and Wang, J.: Forward cascade of whistler ments of field components at several points in space, J. Geophys.

turbulence: three-dimensional particle-in-cell simulations, As-

trophys. J., 755, 142, ddi0.1088/0004-637X/755/2/142012.
Glassmeier, K.-H., Motschmann, U., Dunlop, M., Balogh, A.,

Acufia, M. H., Carr, C., Musmann, G., Fornacon, K.-H.,

Res., 96, 1789-1802, 1991.

Podesta J. J.: The need to consider ion Bernstein modes waves as

a dissipation channel of solar wind turbulence, J. Geophys. Res.,
117, A07101, doit0.1029/2012JA01777Q012.

Schweda, K., Vogt, J., Georgescu, E., and Buchert, S.: ClusteReme, H., Aoustin, C., Bosqued, J. M., Dandouras, I., Lavraud, B.,

as a wave telescope — first results from the fluxgate magnetome-

ter, Ann. Geophys., 19, 1439-1447, d6i:5194/angeo-19-1439-
2001 2001.

He, J., Tu, C., Marsch, E., and Yao, S.: Do oblique Alfvén/ion-
cyclotron or fast-mode/whistler waves dominate the dissipation
of solar wind turbulence near the proton inertial length?, Astro-
phys. J., 745, dol:0.1088/2041-8205/745/1/1.8012.

Hellinger, P., Travriek, P., Kasper, J. C., and Lazarus, A. J.:
Solar wind proton temperature anisotropy: Linear theory and
WIND/SWE observations, Geophys. Res. Lett, 33, L09101,
doi:10.1029/2006GL025922006.

Howes, G. G., Tenbarge, J. M., Dorland, W., Quataert,
E., Schekochihin, A. A., Numata, R., and Tatsuno, T.:
Gyrokinetic simulations of solar wind turbulence from
ion to electron scales, Phys. Rev. Lett, 107, 035004,
doi:10.1103/PhysRevlLett.107.0350@011.

Johnstone, A. D., Alsop, C., Burge, S., Carter, P. J., Coates, A. J.,
Coker, A. J., Fazakerley, A. N., Grande, M., Gowen, R. A., Gur-
giolo, C., Hancock, B. K., Narheim, B., Preece, A., Sheather,
P. H., Winningham, J. D., and Woodliffe, R. D.: Peace: a plasma

Sauvaud, J. A., Barthe, A., Bouyssou, J., Camus, Th., Coeur-Joly,
0., Cros, A., Cuvilo, J., Ducay, F., Garbarowitz, Y., Medale, J.
L., Penou, E., Perrier, H., Romefort, D., Rouzaud, J., Vallat, C.,
Alcaydé, D., Jacquey, C., Mazelle, C., d'Uston, C., Mébius, E.,
Kistler, L. M., Crocker, K., Granoff, M., Mouikis, C., Popecki,
M., Vosbury, M., Klecker, B., Hovestadt, D., Kucharek, H.,
Kuenneth, E., Paschmann, G., Scholer, M., Sckopke, N., Seiden-
schwang, E., Carlson, C. W., Curtis, D. W., Ingraham, C., Lin, R.
P., McFadden, J. P., Parks, G. K., Phan, T., Formisano, V., Amata,
E., Bavassano-Cattaneo, M. B., Baldetti, P., Bruno, R., Chion-
chio, G., Di Lellis, A., Marcucci, M. F., Pallocchia, G., Korth,
A., Daly, P. W., Graeve, B., Rosenbauer, H., Vasyliunas, V., Mc-
Carthy, M., Wilber, M., Eliasson, L., Lundin, R., Olsen, S., Shel-
ley, E. G., Fuselier, S., Ghielmetti, A. G., Lennartsson, W., Es-
coubet, C. P, Balsiger, H., Friedel, R., Cao, J.-B., Kovrazhkin, R.
A., Papamastorakis, I., Pellat, R., Scudder, J., and Sonnerup, B.:
First multispacecraft ion measurements in and near the Earth’s
magnetosphere with the identical Cluster ion spectrometry (CIS)
experiment, Ann. Geophys., 19, 1303-1354, Hni5194/angeo-
19-1303-20012001.

electron and current experiment, Space Sci. Rev., 79, 351-398&obert, P., Roux, A., Harvey, C. C., Dunlop, M. W., Daly, P. W.,,

1997.

Kasper, J. C., Lazarus, A. J.,, and Gary, S. P.. Wind/SWE
observations of firehose constraint on solar wind pro-
ton temperature anisotropy, Geophys. Res. Lett.,, 29, 1893,
doi:10.1029/2002GL0151282002.

Leamon, R. J., Smith, C. W,, Ness, N. F., and Wong, H. K.: Observa-
tional constraints on the dynamics of the interplanetary magnetic

and Glassmeier, K.-H.: Tetrahedron geometric factors: Analysis
methods for multi-spacecraft data, 323-348, ISSI Scientific Re-
oprt SR-001, edited by: Paschmann, G. and Daly, P. W., Interna-
tional Space Science Institute, ISSI/ESA, 1998.

Roberts, O. W., Li, X., and Li, B.: Kinetic plasma turbulence in

the fast solar wind measured by Cluster, Astrophys. J., 769, 58,
doi:10.1088/0004-637X/769/1/52013.

field dissipation range, J. Geophys. Res., 103, 4775-4787, 1998&ahraoui, F., Goldstein, M. L., Belmont, G., Canu, P., and Rezeau,

Marsch, E. and Tu, C.-Y.: On the radial evolution of MHD turbu-

L.: Three dimensional anisotropic k spectra of turbulence at sub-

lence in the inner heliosphere, J. Geophys. Res., 95, 8211-8229, proton scales in the solar wind, Phys. Rev. Lett., 105, 131101,

1990.

doi:10.1103/PhysRevLett.105.1311@D10a.

Motschmann, U., Woodward, T. |., Glassmeier K.-H., Southwood, Sahraoui, F., Belmont, G., Goldstein, M. L., and Rezeau, L.: Limita-

D. J., and Pincon : Wavelength and direction filtering by mag-
netic measurements at satellite arrays: Generalized minimum
variance analysis, J. Geophys. Res., 101, 4961-4966, 1996.

Ann. Geophys., 31, 19491955 2013

tions of multispacecraft data techniques in measuring wave num-
ber spectra of space plasma turbulence, J. Geophys. Res., 115,
4206, d0i10.1029/2009JA014722010b.

www.ann-geophys.net/31/1949/2013/


http://dx.doi.org/10.1088/0004-637X/758/2/120
http://dx.doi.org/10.1088/0004-637X/758/2/120
http://dx.doi.org/10.5194/angeo-19-1197-2001
http://dx.doi.org/10.1029/2009JA014525
http://dx.doi.org/10.1088/0004-637X/755/2/142
http://dx.doi.org/10.5194/angeo-19-1439-2001
http://dx.doi.org/10.5194/angeo-19-1439-2001
http://dx.doi.org/10.1088/2041-8205/745/1/L8
http://dx.doi.org/10.1029/2006GL025925
http://dx.doi.org/10.1103/PhysRevLett.107.035004
http://dx.doi.org/10.1029/2002GL015128
http://dx.doi.org/10.1029/2003GL017432
http://dx.doi.org/10.1029/2010GL046588
http://dx.doi.org/10.5194/angeo-29-351-2011
http://dx.doi.org/10.5194/angeo-29-351-2011
http://dx.doi.org/10.1029/2012JA017770
http://dx.doi.org/10.5194/angeo-19-1303-2001
http://dx.doi.org/10.5194/angeo-19-1303-2001
http://dx.doi.org/10.1088/0004-637X/769/1/58
http://dx.doi.org/10.1103/PhysRevLett.105.131101
http://dx.doi.org/10.1029/2009JA014724

C. Perschke et al.: Dispersion relation analysis of turbulent magnetic field fluctuations in fast solar wind 1955

Sahraoui, F., Belmont, G., and Goldstein, M. L.: New insight into TenBarge, J. M., Podesta, J. J., Klein, K. G., and Howes,
short wavelength solar wind fluctuations form Vlasov theory, As-  G. G., Interpreting magnetic variance anisotropy measurements
trophys. J., 748, 100, ddi0.1088/0004-637X/748/2/10R012. in the solar wind, Astrophys. J., 753, 107, d€i:1088/0004-

Salem, C. S., Howes, G. G., Sundkvist, D., Bale, S. D., Chaston, 637X/753/2/1072012.

C. C,, Chen, C. H. K., and Mozer, F. S.: Identification of kinetic Verscharen, D., Marsch, E., Motschmann, U., and Mdller, J.: Ki-
alfvén wave turbulence in the solar wind, Astrophys. J., 745, L9, netic cascade beyond magnetohydrodynamics of solar wind tur-
doi:10.1088/2041-8205/745/1/1.2012. bulence in two-dimensional hybrid simulations, Phys. Plasmas,

Svidzinski, V. A., Li, H., Rose, H. A., Albright, B. J., and Bowers, 19, 022305, doi0.1063/1.368296®012.

K. J.: Particle in cell simulations of fast magnetosonic wave tur- vom Stein, R., Glassmeier, K.-H., and Dunlop, M.: A Configura-

bulence in the ion cyclotron frequency range, Phys. Plasmas, 16, tion Parameter for the Cluster Satellites, Tech. Rep. 2/1992, In-

122310, doil0.1063/1.3274552009. stitut flr Geophysik und Meteologie der Technischen Universiat
Taylor, G. |.: The spectrum of turbulence, Proc. R. Soc. Lond. A, Braunschweig, 1992.

164, 476490, 1938.

www.ann-geophys.net/31/1949/2013/ Ann. Geophys., 31, 192955 2013


http://dx.doi.org/10.1088/0004-637X/748/2/100
http://dx.doi.org/10.1088/2041-8205/745/1/L9
http://dx.doi.org/10.1063/1.3274559
http://dx.doi.org/10.1088/0004-637X/753/2/107
http://dx.doi.org/10.1088/0004-637X/753/2/107
http://dx.doi.org/10.1063/1.3682960

