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Abstract. Over the last decade, several magnetohydrodynamic models of the solar wind proposed a two component structure
for the fluctuations: a "slab" (Alfvénic) component wittavenumbers parallel to the ambient dc magnetic field and a quasi
two-dimensional (turbulent) component wittavenumbers mostly perpendicular to the magnetic field. Initial support and
motivation for these models was given in part from the study of three dimensional correlation functions for the magnetic field
from solar wind data (W.H Matthaeus, M.L. Goldstein and D.A. Roberts 1990, JGR 95, 20673). We extend here this study
to the analysis of the cross-correlation between the velocity and the magnetic field. The cross-correlation function is simply
related to the cross helicity power spectrum, a quantity of great interest for solar wind models. This quantity provides, on one
hand, a measure of the relative importance of outgoing and incoming Alfvénic fluctuations. On the other hand, the turbulent
properties of the system are greatly influenced by the amount of cross helicity present in it. We analyze ACE data and present
preliminary results for the three dimensional cross-correlation function. Special emphasis is given to the implications for solar
wind models.

INTRODUCTION (see Dmitruk et al. [2] and references therein). High lev-
els of turbulence in the solar wind are usually accom-
The solar wind is a privileged scenario where in-situ ob-panied by a value of. close to zero (e.g., see [3] and
servations unveil many aspects concerning magnetohyreferences therein).
drodynamic (MHD) turbulence in a magnetized plasma. The normalized cross helicity and its spectrum have
Over the last two decades, much progress has been matbeen determined from single-point measurements, and
by several authors by means of spacecraft observationshow the dominance of outgoing Alfvénic fluctuations
of solar wind turbulence (see for instance [1] and refer-[4]. However, there is to present no observational study
ences therein). of possible anisotropy in the solar wind cross helicity.
As opposed to the hydrodynamic (HD) case, two dy- The solar wind magnetic fluctuations are not isotropic,
namic fields (velocity and magnetic fields) interplay to and strong evidence of the presence of two populations
determine the evolution of an incompressible MHD tur- have been provide in [5] and [6]. The former shown
bulent system. A new rugged invariant, namely the crosshe presence of: (a) Alfvénic (slab) fluctuations with
helicity (or cross correlation between these two fields),correlation lengths stretched in the direction transverse
gets into the scene. A useful dimensionless expressioto the background fieldB;) and (b) quasi-two dimen-
for this quantity is the normalized cross helicity, sional (turbulent) fluctuations with elongated correlation
defined as the ratio of the cross helicity to the totallengths parallel tds,
energy, and ranging from-1 to 1. Monopropagating We present hereafter our preliminary efforts to ana-
Alfvén waves have maximuno¢| (oc = £1, depend- lyze possible anisotropy of the normalized cross helic-
ing on the sense of propagation). The cross helicity carity (agc), in the same spirit of the analysis of anisotropy
be obtained as the difference of the energy of outgo-in magnetic field self correlations performed in Ref.[4].
ing to incoming Alfvén waves, thus giving a measure of The second section describes the technique we use to
the imbalance between the two. The structure of the inprocess the interplanetary data in order to calculate two-
compressible MHD equations is such that the non-lineadimensional correlation functions. The results are sum-
terms vanish when the cross helicity is maximum. Tomarized in third section. Finally, we conclude in the last
develop turbulence it is necessary to have counterpropasection.
gating fluctuations along the mean magnetic field. These
fluctuations are thought to interact non-linearly to pro-
duce an energy cascade in perpendicular wavenumbers
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DATA PROCESSING The ACE spacecraft provides time series of velocity

and magnetic field, thus the correlation functions con-

We analyze magnetic and bulk velocity fields measuredstructed from these data are essentially two-time single-

by the Advanced Composition Explorer (ACE) space- point. However, due to the fact that the mean speed
craft, from January 23, 1998 to March 3, 1999. The data(Vg,) of the solar wind is super-Alfvénic, it is possi-

have been analyzed with a cadence of one minute. Théle calculate the spatial correlation functions from the

solar wind observations we analyze here correspond to aneasured temporal fluctuations using the relationship
distance of~ 1 AU from the Sun, and essentially on the R(0,t) = R(—Vgut,0) [4]. These approximations are the

ecliptic plane. MHD analogues of the Taylor 'frozen-in-flow’ hypothe-
We group our whole set of data in 4-day intervals, thussis [9].
obtainingN sub-series (or intervals). For every interlal For a givenintervall, the mean speed of the solar wind

(I =1,...,N) and from the observed magnetB'jo and UOI gives the direction of the lag which is almost along
velocity (\/Ij) fields, we define the fluctuation ﬁe|d[3|j( the radial direction as _meas_ured from the Sun. _So, we
v, and the Elasser variableg"*), where the index calculateR'(r), wherer is a distance along,'. An in-

J! J 1

. o . house numerical code, which employs the 'Blackman-
labels the time; from the beginning of every sub-series 1 ey technique [10] was used to calculate the different

I (i.e..ty = 0), as follows: correlation functionsR'(r). The maximum lag taken,
vyl _ul whenR!(r) is calculated, corresponds to two days.
I J 0 In order to analyze the anisotropy of the fluctuations,
bl Blj we label each interval according to the value of the angle
= \/m (6") between the direction of the mean fieMA(') and
|+ | | UO', and study variations in several statistical quantities
zp =VjEbj (1) asafunction 0B, as shown below.

As mentioned before, the Esser variables give in-
I _ pnyl I _ /pl Yy _ ’
Here,Uo N <VJ'> andV, = <BJ>/ Amp are respec-  ¢4rmation on the level of the activity of waves traveling
tively the time average for the plasma velocity and for

. ) o ) R either parallel or anti-parallel to the background mag-
the Alfven velocity, W'th.m the intervall; p” is the mean netic field. To give physical meaning to our analysis, we
density of mass for the interval

o have grouped the fluctuations according to whether the
In order to compute statistics from the observed data group 9 y

dt lize the fluctuating field that th are traveling outwards from the Sun ("out"), or towards
we need 1o normaiize the tluctuating Tields so that they, . ("in"), and consistently re-labeled theasksr
amplitude of the fluctuations in the different intervals be variables as.. andz. in each interval. The reduced
comparable. This is a rather drastic step that requires jus; out an N
) . .~ ener ra for kinetic and magnetic en
tification. It has been established that different time |n—e ergy spectra fo etic and magnetic energy(k)

tervals in the solar wind h imilar statistics. but wh andE,(k)) , and for the Alfvén waves activity 'outward’
ervais in the so .aftW'” | tave sm;r?r Stﬁ Istics, bu V\;I €N Cinward’) propagatingE o (K) (Ej,(k)), are obtained by
comparing one Interval to any other there 1S usually a,eang of 3 Fast Fourier Transform of the corresponding
scaling factor relating the amplitude of the fluctuation in

> . correlation functions [3]. The spectra are normalized to
one with respect to the other. For example, the magneti [3] P

. . i : X ‘i)ive the total energies as usual:
field on each interval usually is roughly a Gaussian vari-

able, but with varying widths (see, for instance, [7] and 1 5

references therein). Yet, if all the data were combined E{v,b} = 5({\/, b}e) = /E{v,b}(k)dk (3)
together, then a skewed distribution would result since

adding two Gaussian distributions together can yield a 1 2 _/

non-Gaussian distribution. Thus, we choose to normal- E{imout} o 4<{z‘”’z°”‘} )= E{imout}(k)dk 4)

ize the field_s S0 that the energy in each inte_rval_is the  From these energy spectra, the reduced cross helicity
same, and it is equal to the mean energy (kinetic plusspecirum (in the direction of the mean wind velocity) can

_VAl

magnetic) of the whole (raw) datasgt That is, if E! be obtained from
is the mean energy of the (raw) data in the interval
we rescale the fluctuating fielde &éndb) with a similar- He(K) = (Egue (K) — Ei(K))/2, (5)

ity factorA' = /(E/E'"). Others, such as Sorriso-Valvo
et al. [8] have also used similar normalization schemes. and the normalized cross helicity from
The two-point velocity correlation function is defined
as O.C(k) — EOU[(k) B Em(k) ] (6)
Rw(r) = (v(x) -v(x+T)) @) Eou (K) + Ein(K)
Analogous definitions hold foR,,, R,, and for the
correlations in the Elsser variablesk, , andR__.
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FIGURE 1. Conditioned average of the magnetic field self
correlation functiorR, (r), in Alfvén units. The averages have
been conditioned to that intervals of the whole dataset wher
the value of the anglé between the direction of the mean
field V, and mean wind velocityJ, is in a selected range.
Continuous, dotted, and dash-dotted lines correspond<to 0
6 < 30, 30< 8 < 60, and 60< 6 < 90, respectively. The larger
scale shown corresponds+00.1 AU. angular distribution of cross correlations is given in fig-
ure 3. The figure shows the (reduced) normalized cross
helicity power spectruno¢(k) along different directions
RESULTS (the angle ranges defined above), what allows the anal-
ysis of different scales at different angles. Note that at
In order to study spectral anisotropy (or alternatively intermediate angles9(~ 45), for wave numbers larger
spatial anisotropy for the correlation functions) we definethan 5x10°" km~1, g;(K) is larger than for the other two
three ranges fof. The chosen ranges fd@ and the directions (perpendicular and along the mean field), what
number of intervals that correspond to every range are: seems in contradiction with the picture of the two pop-
. 0< 6 < 30 (10 intervals) ulations: the Alfvenic-slab anld _the turbu_lent quasi-2D.
= _ ’ However we note that our statistics are still too low at ex-
+ 30< 6 <60 (53 intervals), treme angles as to make any definite conclusions as yet.
« 60< 6 < 90 (24 intervals). The opposite occurs at large scalks(5x10~7 km™1).
Thus, from the correlation functions of every interval, Itis important to stress the prelim_inary charac_ter of these
R (r), we carry out conditional averages considering _resu_lts, what f(_)rces us to be cautious and_av0|d any phys-
only those intervals which correspond to a given range|cal mterpretatyon until these results are ellther confirmed
of 8 values obtainingR(r). or correpted Wl_th a more complete anqu5|s _(see next sec-
Figure 1 shows the conditional average of the mag_tlon). Finally, figure 4 shows t.he Alfvén ratio spectrum
netic field self correlation function according t It ra(k). The three curves for differerds are very clo_se
is evident that the curve with steeper correlation corre-© each other, af‘d overall they seem consistent with the
sponds to the oblique direction (306 < 60), in full  values reported in Table Ill of Ref.[3].
consistency with Figure 3 of [4]. The results shown in
this figure support the two component (slab + 2D) model.
The global degree of correlation betweemndb is SUMMARY AND CONCLUSIONS
measured by the cross helicitg = R, (r = 0)/2. Con- o
sidering the whole dataset, a valuerbf ~ 230kn?/se@ ~ We present preliminary results from a study of
is obtained. The total (kinetic plus magnetic) mean en-anisotropy in the velocity, magnetic, and cross he-
ergy resulted~ 3x103km? /se@. These numbers yield a I|C|ty_ co_rrelatlon _funcnons (also power—spectr_a) by
normalized global cross helicity value of = 2Hc/E ~ conS|der|ng spatial lags (wave-vectors) at d_|ffe_rent
0.15. The two-point cross helicity correlatid®, (r) is angles6 with respect to the background magnetic field
shown in Figure 2 for the three different ranges of the Bo- , , i )
angle 8. The figure seems to indicate that the correla- _ The magr_letlc self correlations are consistent with pre-
tions along the intermediate direction decay fastest tharY!0USly published results, supporting the two component
the other two components do. An alternative view of the M0del of the solar wind. That s, the presence of two pop-

FIGURE 2. Cross helicity correlation functioR ;, = (Royt —
R,)/4. Different curves correspond to different rangesgof
@sin Figure 1. Correlation decay more slowly in the direction
perpendicular to the mean field.
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FIGURE 3. Plot of the conditioned average of the normal-
ized cross helicity (oc(k) = 2Hc(k) /E(k)) power spectrum. The
average has been conditioned for intervals with different values
of 6, asin Figure 1.
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FIGURE 4. Figure showing the reduced spectrum of the
Alfvenratio, r, (k) = Ey(K)/E, (k). Different curves correspond
to different 8 angle ranges, asin Figure 1.

ulations: a “slab” (or Afvénic) population aligned with
the main magnetic field and with wavenumbers paral-
lel toit, and a “quasi-2D” (or turbulent) population with
amost perpendicular wavenumbers, as it is typical of
anisotropic turbulence in the presence of a mean mag-
netic field.

We have also presented the methodology, techniques
and some preliminary results of the study of angular de-
pendence of the power spectrum (or alternatively its self
correlation function) for very relevant quantities such as
the dimensional and normalized cross helicity and the
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Alfvén ratio. The progress of our research at this point
is still that of an early stage. To achieve more depend-
able results we need to: (a) extend our temporal baseto a
larger dataset, where more intervals with extreme angles
6 ~ 0and 6 ~ 90 can befound; (b) consequently include
more binsin our angular discretization (currently we can
only use 3 because of lack of statistics and for ssimplicity
in the analysis); (c) implement a stationary test and ex-
clude data intervals with sector crossings; (d) study the
noise we see in our spectra at very high k (close to the
Nyquist frequency).

Itisfor al of these reasons that we resist the tempta-
tion of drawing any major conclusions out of the present
preliminary analysis. We plan to extend our research in
atimely fashion and publish our fina results elsawhere.
In the meantime, we believe that the physics involved in
this research project are worth the effort, and will help
achieve a better of the nature of the solar wind and MHD
turbulence.
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