Ann. Geophys., 29, 35860, 2011 ~ "*
www.ann-geophys.net/29/351/2011/ G Ann_ales
doi:10.5194/angeo-29-351-2011 Geophysicae
© Author(s) 2011. CC Attribution 3.0 License. -

High-resolution wave number spectrum using multi-point
measurements in space — the Multi-point Signal Resonator (MSR)
technique

Y. Narital, K.-H. Glassmeier2, and U. Motschmanr*#

Linstitut fur Geophysik und extraterrestrische Physik, Technische UnigieBiiaunschweig, Mendelssohnstr. 3,

38106 Braunschweig, Germany

2Max-Planck-Institut fir Sonnensystemforschung, Max-Planck-StraRRe 2, 37191 Katlenburg-Lindau, Germany

3Institut fiir Theoretische Physik, Technische UnivérsBraunschweig, Mendelssohnstr. 3, 38106 Braunschweig, Germany
4DLR-Institut fir Planetenforschung, Rutherfordstr. 2, 12489 Berlin, Germany

Received: 15 February 2010 — Revised: 10 February 2011 — Accepted: 17 February 2011 — Published: 21 February 2011

Abstract. A new analysis method is presented that provideset al. (1996, and Glassmeier et al(2001) is one of the

a high-resolution power spectrum in a broad wave numbemost important applications of multi-spacecraft measure-
domain based on multi-point measurements. The analyments: it enables us to analyze the data directly in the three-
sis technique is referred to as the Multi-point Signal Res-dimensional wave vector domain. Based on this technique,
onator (MSR) and it benefits from Capon’s minimum vari- various analysis methods have been developed and used for
ance method for obtaining the proper power spectral densityCluster data, e.g., dispersion relatioda(ita et al, 2003

of the signal as well as the MUSIC algorithm (Multiple Sig- Sahraoui et al.2003 Vogt et al, 2008 Sahraoui et aJ.

nal Classification) for considerably reducing the noise partin20108, phase speed diagranfctéfer et al, 2009, energy

the spectrum. The mathematical foundation of the analysispectra Karita et al, 2006 Sahraoui et al.2006 2010h
method is presented and it is applied to synthetic data as welNarita et al, 2010, magnetic helicity densityNarita et al,

as Cluster observations of the interplanetary magnetic field2009, and higher order moments such as bispedtiaria
Using the MSR technique for Cluster data we find a waveet al, 2008. In short, various wave properties can be deter-
in the solar wind propagating parallel to the mean magneticmined directly in the wave vector domain.

field with relatively small amplitude, which is not identified = The wave telescope technique is based on the minimum
by the Capon spectrum. The Cluster data analysis shows theariance projection proposed I§apon(1969. While this
potential of the MSR technique for studying waves and tur-technique is now widely used for multi-point measurements
bulence using multi-point measurements. in space, it also has several limitations about which one

Keywords. Space plasma physics (Experimental and math-s_hOUId keep in mind. In particular, the wave te_Iescope tech-
nigue cannot resolve waves properly when their wavelengths

ematical techniques; Turbulence; Waves and instabilities L .
a ) are very close to each other; and it gives a moderately high

background noise level in the spectrum. Here we present a
new analysis method which is a generalization of the wave
1 Introduction telescope technique and provides a high-resolution energy
spectrum in the wave vector domain. It has the ability to re-
Recent developments of multi-spacecraft measurements hav@ce the background level considerably to enhance the qual-
considerably advanced our understanding of space plasmigy of the spectrum (signal-to-noise ratio) while maintain-
dynamics, as they provide the three-dimensional spatial resing the energy of the signal. Therefore, it has the ability to
olution in the measurements. The wave telescope techniqugesolve waves even though they have similar wavelengths.
(also named k-filtering) developed eubauer and Glass- e provide a mathematical description of the new analysis
meier (1990; Pincon and Lefeuvrg1997); Motschmann  method in Sect. 2; it is applied to synthetic data and to real
spacecraft data in Sects. 3 and 4, respectively. Section 5 con-
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352 Y. Narita et al.: High-resolution wave number spectrum

2 Array signal processing Hereh denotes the steering vector which has the information
on the wave vector,

The new analysis method is called the MSR technique gkri

(Multi-point Signal Resonator) and is essentially a combina- gkra

tion of Capon’s minimum variance estimat@gpon 1969 hk)= ) . (4)

and the MUSIC algorithm (Multiple Signal Classification) :

developed bySchmidt(1986. These two estimators are ghre

briefly reviewed, and then the MSR technique is presented. The constraint optimization problem can be solved analyti-

cally (Capon 1969 Haykin, 1991), and the weight vector is

2.1 Capon’s minimum variance method obtained as

Suppose we have an array bfsensors and each sensor ob- y(y, k) = R @)h(k) ) (5)
tains a time series of signal such as a set of waves. While h' (k)R- (w)h(k)

transforming the data from the temporal domain to the fre-|t is worthwhile to note that the weight vector is a function of
quency domain is performed by Fourier transform such ashe frequency and the wave vectdrand it is determined by
FFT (Fast Fourier Transform), it is not an easy task to transthe measurement itself through the state ve§tar). The es-
form the data from the spatial coordinates into a broad wavaijmator of the wave power in Capon’s method is hence given
number domain if the number of sampling points is too smallgs

in the spatial domain. Capon’s method provides an estima- 1

tor of the power spectrum in the frequency and wave vectorPc(w, k) = T ) .
domain using a limited number of measurement points. In h(OR™(w)h k)
Capon’s method we first establish the measurement vector oS an example, Figl displays synthetic magnetic field data

(6)

the state vecto§ defined as (represented as time series plots) at four distinct points in an
irregular, one-dimensional array (located at 100, 180, 290,
S1(w) and 375km on the array axis). The data exhibits a plane
So(w) wave with period 30s and wavelength 300 km with small-
S(w)= . ) 1) amplitude, random, isotropic fluctuations (as noise) added to
: the wave. The Capon’s method is applied to the four-point
Si(@) synthetic data set and the wave number spectrum is obtained

) ) (Fig. 2, dotted curve). The Capon'’s spectrum displays a peak
wheres; (w) (i =1,2,---, L) denotes the Fourier transformed o4 th signal wave number (0.021 radkth The noise field

d"?‘t‘?‘ into the frequency domainat thei-th sensor. .For Sim-— s barely visible in the time series as ripples on top of the
p|ICIt¥ we consider a measurement of a scalar field such adlane wave, but this causes a higher background level in the
density, temperature, or magnitude or any components of &40 spectrum. All the synthetic data used in the test of the
vector. The cross spectral density (CSD) maRiis con-  5n3\vsis method consist of plane waves as signal and small-
structed from the measurement vector as amplitude, random and isotropic fluctuating field as noise.
+ In Capon’s method the wave power is optimized to give
R(®) = (S(@)S(w)"). ) the squared amplitude of the signal and it does not require
a priori the knowledge of the number of signals. There-
Here the angular bracket denotes the statistical average angre the method is of wide use. On the other hand, the es-
the dagger is the operation of Hermitian conjugate. This istimated power still exhibits a higher background level com-
anL x L matriX and the taSk iS to reduce the matrix intO a pared to that of the MSR technique (So“d curve, discussed
scalar power using a suitable projection or weight veator |ater). The reason for the relatively higher background level
such that the projected quantity provides an estimator of then the Capon’s spectrum stems from the fact that smallest

wave power in the frequency and wave vector domain, eigenvalues (which may be referred to as the noise floor) in
: the CSD matrix contribute to the projection, i.e., due to the fi-
P(w,k) =w R(w)w. ()  nite signal-to-noise ratio in the dat8julin et al. (2005 also

pointed out that the analytic solutions of the Capon method
The essence of Capon’s method is to use the Lagrangian mustill show that even if the signal consists of a single plane
tiplier method to minimize the wave power (that is to mini- wave, the resulting wave number spectrum is broadened. The
mize the background level in the spectrum) while maintain-eigenvector-based projection such as the MUSIC algorithm
ing the gain along the scanning direction or the wave vectormakes use of the orthogonality of eigenvectors in order to

(unit gain constraint): enhance the signal-to-noise ratio in the spectrum. Relation-
ship between the Capon’s method and the eigenvector-based
minimizeP (w, k) subjecttqu~h| =1 spectra are discussed in great detaiHaykin (1991).
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It was discussed b$pamson(1983ab, 1995 and Schmidt  Fig. 2. Top: Capon-spectrum in the wave number domain deter-
(1986 that eigenvalues and eigenvectors of the CSD ma-mined by four-point measurement of synthetic scalar magnetic field
trix can be used in analyzing multi-channel data. The MU- data shown in Figl (dotted curve); the MSR spectrum for the same
SIC algorithm Schmidt 1986 suppresses the noise contri- dataset (solid curve). Bottom: Spectrum determined by the normal-
bution considerably, providing a sharp contrast between thézed, extended-MUSIC .algorith.m for the same data set. The vertical
signal power and the noise level in the spectrum by investi-2" represents the confidence interval.

gating the eigenvector structure of the CSD mat8amson

efc al. (1.990 applied the MUSIC method to obiain the two- In the MUSIC algorithm the noise is assumed to be isotropic,
dimensional wave number spectra for ground-based radar oh-

i f i The MUSIC alaorith andom fluctuating field. The symb@ represents thé/
servations of gravity waves. 1he Mk algoritnm assumes, signals in the data and it is transmitted to the measure-
that the data contains signal and noise such that the CSD Maant of S through the matrixA: N represents the noise at

trix can be decomposed into these two parts. The state vectogach sensor. It can be shown that the CSD matrix becomes
is therefore interpreted as a combination of the signal ter .

. rndecomposed into the signal term and the noise term, too, as
and the noise term:

_ Tty 2
S1(@) ghkiry .. dkur Q1(w, k1) REAREIA . )
S2(@) _ Q2(w,k2) The eigenvalues and eigenvectorsRofire denoted by.1 >
: - _ Lo : A2 >.-->)r andey, ez, ---, er, respectively. For the noise
S, () grrre ... gkmrL O (@, k) pgrt the eig.envalu.es are givenjagr1 = Apy12= = AL =
N o“. We split the eigenvectors of the CSD matRxinto the
Nl(w) signal subspacE; = [e1,e2,---,e)] and the noise subspace
+ Z(w) , (7) En Z[eM+1aeM+25"'aeL]'
: The power estimation in the MUSIC method is given as
N () 1
. _ _ Pu(w k) = —5———— (10)
which we write symbolically as |k (K)E, ()|
1
S=A 8 = T ) (11)
=AQ+N. (8) h' (k) E, (@)E (@) (k)
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which makes use of the orthogonality between the steeringrom a mathematical theory guaranteeing the better function-
vectorh(k;) (i =1,---, M) and the eigenvector for the noise ality of the technique, but it represents an intuitive picture of

parte; (j=M+1,---,L): generalization of th& matrix to soften its sharp transition
in the diagonal elements from zero to unity. Therefore, other
h' (k) e;(w) =0. (12)  extensions or generalizations are possible for the MUSIC al-

orithm.
Choi et al.(1993 found that even a small numbero$uch
asn = 2 can successfully reproduce the MUSIC spectrum
without knowing the number of signal sources. We use2
in the applications presented in Sects. 3 and 4. The spectrum

Equation (2) represents the noise reduction or filtering pro- g
cedure performed in the both frequency and wave vector do
main.

The MUSIC spectrum is also expressed as

1 using the extended MUSIC algorithm is given as
PM(C(),k): T s (13)
' (k)F(w)LF T (w)h (k) P k) = 1 (17)
. . . BN = O F@) A FT k(o)
whereF is the eigenvector matrix d® sorted after the mag-
nitude of eigenvalues in the descending order: 2.3 Multi-point Signal Resonator technique
F=[EsE.]=[e1-em emy1---er]. (14)  The MSR technique makes use of the Capon estimator as

o ) well as the extended MUSIC estimator. The notion of the
The matrixF is an arrangement of the eigenvectors of the \jgR technique is as follows. We use Capon’s estimator and
CSD matrix, sorting the signal-associated eigenvectors ofptain the power spectrum that provides the proper value of
the left side in the matrix and the noise-associated eigenvece spectrum at the signal wave number, and we use addition-
tors on the right side. The matrixis a diagonal matrix and 5l the extended MUSIC spectrum with normalization as a
is defined as dimensionless filter to make the signal-to-noise contrast of
L = diag0,-,0,1.--,1). (15) the Capon spectrum sharper while keeping the spectra_l peak

NI e values of the Capon spectrum. The power spectrum in the
M L-M MSR technique is therefore given as

The MUSIC algorithm is based on finding the eigenvectors
associated with noise that are orthogonal to the steering vectMsR(@. k) = Pemo Pem(@. k) Pe (. k) (18)
tor with the signal wave vector. The spectrum estimated by 1 1 1
the MUSIC algorithm uses the product of the noise eigen- = Pevo R TEA—"FTh ITR-11
vectors and the steering vectors and therefore the method L .
gives the spectrum in the dimensionless unit. It should alsd 16" the factoemo denotes the normalization factor. It is

be noted that the MUSIC algorithm requires that the numbed€termined by the maximum value of the spectrbig.

of sig_nals must be knov_vn in th_e ana}ysis to extract the set ofpg, s = max(Pey) (20)

the eigenvectors associated with noise. One method to deter-

mine the number of signals is to investigate the noise floor ol the MSR techniqué®em (w, k)/ Pemo serves as afilter that
eigenvalues of the CSD matrikiaykin, 1991). We mean the ~ returns the value of unity at the signal wave number and al-
number of signals by the number of wave vectors associatef0st zero otherwise (Fig. 2 bottom). An example of the
with signal. This has to be known at each frequency in theMSR spectrum with comparison to the Capon spectrum is
analysis. In the context of multi-spacecraft data analysis, th&lisplayed in Fig. 2 top panel. Itis worthwhile to note that the
number of wave vectors or the wave modes must be known agigenvalues are based on estimates in real data, and we have
each frequency. The problem of the number of signal sourceherefore bias and variance: These parameters can be depen-
to be known in the MUSIC algorithm has been addressed b)ﬂent on the number of degrees of freedom in the estimators.
Choi et al.(1993, who replaced the diagonal matrix by The spectral matrix should be statistically significant based

(19)

A" with on a larger number of degrees of freedom so that the eigen-
values are well determined. In practice (shown below), we
“n M\ 7" A2\ AN split the time interval by 100 sub-intervals and average the
A" =diag| (=) (=) .. = . (16) i i i
AL AL AL spectral matrix over them. Assuming that the eigenvalues de-

termined at each sub-interval follow the normal distribution,
Here the power-n is an adjustable parameter in the analysisthe confidence interval is determined by the degree of free-
that controls the asymptotic behavior of the matkix” that  dom {Jenkins and Watt4968. The MSR technique assumes
becomed in the limitn — oco. In other words, replacing the that the measured fluctuations represent a set of propagating
L matrix by theA™" matrix automatically selects the noise waves. Therefore, a careful analysis is needed when analyz-
subspace of the CSD matrRR. It should be noted that the ing wave properties almost at frequency zero. Otherwise the
procedure of the matrix replacement Ay” does not stem  spectrum yields a spurious peak.
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Fig. 3. Capon and MSR spectra for the synthetic data. Fig. 4. Another example of the Capon and MSR spectra for the

synthetic data.

The MSR technique can also be used for a measurement of .
vectors such as magnetic field. Furthermore, it is also possi3.1 Separation of two waves

ble to set the divergence-free condition as an additional con- ] ) ) ]
straint. The MSR technique for the vectorial magnetic field The MSR technique is applied to synthetic data and com-

measurement can be written in the following fashion: pared with Capon’s technique as follows. We generate syn-
thetic data of scalar magnetic field exhibiting two waves that

PMSR(w,k)zpl [VTHTFA—nFTHV]’l [VTHTR—lHV]*l have almost the same frequency but different wave num-

EMO bers (the frequencies are 0.0333 Hz and 0.0335Hz, and the
(21)  wave numbers are 0.021radkmand 0.012rad km! for
) the wave 1 and the wave 2, respectively). The synthetic
with waves are sampled at four spatial points with the same ar-
R = (SST> (22) ray configuration as presented in the previous section. The
wave number spectra are evaluated from the four time se-
dB(w,r1) ries data sets using Capon’s method (Riglotted line) and
S = : (23) the MSR technique (solid line), respectively. Both methods
SB(w.rL) show peaks in the spectra at the signal wave numbers, but the
‘ background level is much reduced in the MSR spectrum.
|k We then modify the values of the wave numbers in the
H= : (24)  synthetic data. The wave 2 has now the wave number
| kL 0.020rad k1!, which is close to that of the wave 1. Fig-
ure 4 displays the wave number spectra for this data set.
V =1+ % (25) The MSR spectrum can resolve two peaks, whereas Capon’s
k spectrum exhibits a peak with a larger broadening. In &ig.
The trace of the matriRysr(w, k) gives the total fluctuation  the wave number resolution sk = 1.0 x 10~°rad kn%,
power: while the difference between the two signal wave numbers is
1.0x 10~ 3radknt. There are enough data points between
Pumsr=trPysr(w, k). (26) the two peaks, and identifying the two signals is successful

using the MSR technique. It is also worthwhile to note that
the MSR technique gives the same spectral peak values as

3 Numerical tests that of the Capon technique.

To examine the quality of the MSR technique, three kinds3'2 Effect of uncertainty of sensor positions

of t_ests_f are presented ubsmg sylnthdetlc datﬁ' Frl]rs':], weh EXEffect of uncertainty of sensor positions is investigated, as
amine If two waves can be resolved even though they havg, o e yse the data set of the numerical test 2 and deter-

the gapon s_pectrL_Jm. Secon_d, effect of_uncgrtainty of SENSGfe uncertainty of sensor positions). Figlalisplays the
positions is investigated. Third, proportionality of energy of peak wave numbers identified in the spectra as a function of

two waves in the spectrum is studied. the relative uncertainty of the sensor positions. When the
positions are known accurately enoughr{r < 1%), then

www.ann-geophys.net/29/351/2011/ Ann. Geophys., 29, 35602011
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Fig. 7. Time series of the magnetic field magnitude, the ion bulk

105 T T speed and the ion number density in the solar wind measured by
1 04 [ ] Cluster-1 spacecratft.
102 - |
L, ol and 1/10 of that of the wave component 2. In the ideal case,
— 10 [ 7 the spectra should exhibit peaks with the ratios 1/4, 1/25,
X 1072 i and 1/100, respectively. The MSR spectra are displayed in
o . ; Fig. 6. We find that the order of the spectral peaks is the
107* 1 same as the inputs (i.e., larger peak values for larger fluc-
1078 L , , ] tuation amplitudes) but on the other hand the ratios of the
spectral peaks tend to be emphasized roughly by the square
0.018 0.020 0.022 of the ideal energy ratios{(10~1), 0(1073), and0O (107),
k [rad/km] respectively). Therefore, our technique can qualitatively re-

construct the shape of the wave number spectrum, but a fur-

Fig. 6. Wave number spectra for synthetic data with different ratios ther correction method is needed for quantitative analysis.

of fluctuation amplitudes between two waves:2 {upper curve);
1/5 (middle curve), and /1.0 (lower curve).

4 Application to spacecraft data

the spectra exhibit peaks at almost the right wave numbersThe MSR technique is applied to the observation of magnetic
For increasing uncertainty of the sensor position, the specfield fluctuations in the solar wind performed by four Cluster
tra exhibit a shift of the peaks toward lower wave numbersspacecraftEscoubet et 812001, Balogh et al. 2001) in the
although the separation between the two wave numbers iime interval from 14:15 to 14:45UT on 12 February 2002
still possible. At the position uncertainty 10% or larger, the (Fig. 7). This time exhibits a good example in which two
peak shift becomes significant and the spectra do not exhibitvaves are identified by the MSR technique while they cannot
the right wave numbers any more. Therefore, it is ideal thatbe seen by the Capon method. We chose the interval for sev-
the sensor positions are accurately known and do not changeral reasons: (1) a good quality of tetrahedron with spacecraft

during the measurement. separation about 100 km in order to minimize the distortion
of energy distribution caused by an irregular tetrahedral con-
3.3 Proportionality in the spectrum figuration of Cluster $ahraoui et al.20103, (2) stationary

fluctuation such that the mean fields are regarded as almost
We investigate the proportionality of the MSR spectrum. constant, and (3) small variation of flow velocity to improve
Here, we mean the proportionality by the proper order ofthe accuracy of the Doppler correction. The mean magnetic
peak values in the energy spectra, i.e., the spectrum shoulfield strength is about 6.3nT and the mean flow speed and
exhibit larger peak values for larger fluctuation amplitudes,density are 512 knig and 3.3 cre, respectively.
otherwise a wrong order of the spectral peaks causes a dis- Fluctuations in the solar wind are believed to be in a fully
torted shape of the spectrum. We change the amplitude of thdeveloped turbulent state, as energy spectra of both mag-
wave component 1 in the synthetic data for Fgl1/2, 1/5, netic field and flow velocity fluctuations typically exhibit an

Ann. Geophys., 29, 35860, 2011 www.ann-geophys.net/29/351/2011/



Y. Narita et al.: High-resolution wave number spectrum 357

102¢€ the Capon method (left panel) and the MSR technique (right
i ] panel), respectively. The 3-D wave-vector spectra are pro-
~ 10’ 1 3 jected into three planegy-ky, andkyx-k;, andky-k) in the
T ; ] MFA (mean field aligned) coordinate system (spanned by the
& 100 3 3 mean magnetic field in the z-direction and the flow velocity
= i ] direction in the x-z-plane). For projection we summed the
: 107" 3 E spectrum over the wave numbers perpendicular to the respec-
= i ] tive planes. The Capon spectrum exhibits a peak at the wave
@ 107%f T 95% 3 vector about (0.0022, 0.0005, 0.0000) radKnfwave 1) as
10°3 i . . . ] well as two extended structures, one along the y-axis and
3 - I o : the other nearly in the positive z-direction with slight in-
10 10 10 10 10 clination to the negative x-direction. The MSR spectrum
f [Hz] exhibits a peak around this wave vector, but it also shows

another peak at the wave vector abou0(0010,—0.0010,
Fig. 8. Frequency spectrum of the magnetic field fluctuation for the 0.0058) rad k! (wave 2). The overall shape of the spec-
time interval shown in Fig?. trum looks similar to each other, but the existence of the
secondary peak can be clearly identified by the MSR tech-
nique. It is difficult to identify the secondary peak in the
power-law curve in the frequency domai@qleman 1968  Capon spectrum. It can also be seen that the noise level is
Matthaeus and Goldsteirl982 Matthaeus et al.1982 much reduced and the spectral shape is sharper in the MSR
Marsch and Tu199Q Podesta et 312007), which is rem-  technique.
iniscent of the inertial-range spectrum of turbulence in Kol- Using the two wave vectors obtained by the MSR tech-
mogorov theory with the power-law index closet&/3. At pjque, frequencies and phase speeds of the waves are esti-
frequency near around 0.1Hz to 1Hz, measurements furmated in the plasma rest frame by correcting for the Doppler
ther show a spectral breakpoint. The spectrum becomes ghift. Table 1 summarized the wave numbers, propagation
steeper power-law above these frequenciesahon et al.  angles from the mean magnetic field direction, the rest-frame
1998 Smith et al, 2006 Alexandrova et a).2008 and is  frequencies and phase speeds, respectively. We find that the
characterized by the index steeper theéh(Behannon1978  wave 1, characterized by quasi-perpendicular wave vector
Denskat et a).1983 Goldstein et al.1994 Leamon et al. g the mean magnetic field, has a very small frequency and
199§ Bale et al, 2009. Recent analyses of data from the phase speed in the plasma rest frame. However, the uncer-
multi-spacecraft Cluster mission have shown that magnetigainty of the wave vector determination and the large flow ve-
spectra in the range between 0.5 Hz and 20 Hz scale with thgycity causes a large uncertainty in computing the rest-frame
index —2 to —3 (Sahraoui et a.2009 Kiyani et al, 2009 properties and the accurate frequency and phase speed can-
Alexandrova et a).2009), and suggest that there is a second not be obtained in the analysis. Therefore it is not clear if
breakpoint with still more steeply decreasing spectra at frethe wave 1 really represents a convected spatial structure or a
quencies beyond 20 Hz. propagating wave. The wave 2, on the other hand, exhibits a
The frequency spectrum of the magnetic field in the ana-parallel wave vector and the rest-frame frequency and phase
lyzed time interval (Fig8) exhibits the inertial-range spec- speed were determined as 0.45 ratland 76 km 51 within
trum at lower frequencies and the steeper spectral curvéhe accuracy about 40-50%. It is interesting that the phase
above the spectral break at about 0.3Hz. We focus on thgpeed of the wave 2 is close to the Adfvspeed at about
wave field at 0.15 Hz, representing the high-frequency limit75 km s1. Considering the factor cégs for oblique prop-
of the inertial range, for the wave analysis using the Caporagation, the Alfien wave phase speed is estimated as about
and MSR techniques. It is shown that magnetic field fluc-72 km s™1. Though the uncertainty of the phase speed deter-
tuations at this frequency exhibit two distinct wave vectors mined in the analysis is still relatively large, the agreement
that can be resolved using the MSR technique while theybetween the two speeds is suggestive of the the existence of
cannot be separated clearly by the Capon method. The tahe Alfven wave in the solar wind.
tal length of time interval used in the analysis is 30 min with
the time resolution 0.2's. We split the total interval into 100
sub-intervals with the length 4096 data points for statistical5 Conclusions
significance in the analysis. The sub-interval is 819.2 s long,
while we investigated the fluctuation at the period 6.7 s (atin this paper we have presented a new, high-resolution
0.15Hz). The ratio of the wave period to the length of the wave vector analysis method particularly for multi-spacecraft
sub-interval is about 1/123. data. The concept of the analysis method is an extension of
Figure9 displays two energy distributions in the wave vec- Capon’s technique by using the eigenvector analysis of the
tor domain at this frequency. The spectra are determined byMUSIC algorithm as a filtering function. The problem of the

www.ann-geophys.net/29/351/2011/ Ann. Geophys., 29, 35602011
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Fig. 9. 3-D energy distributions in the wave vector domain in the mean-field-aligned coordinate system at frequency 0.15Hz, determined
by Capon’s method (left) and the MSR technique (right). In this coordinate systeka-thes (vertical axis) points to the direction of the

mean magnetic field, and ttkg-kz plane is spanned by the mean field and the flow velocity direction. The 3-D spectrum is represented using
projection into 3 planes: it is summed over the wave vector component perpendicular to the respective planes. The vertical bar at color scale
represent the 95% confidence interval.
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