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Abstract.

For over four decades, low frequency plasma and electromagnetic fluctuations have been observed in the solar wind (SW),
making it the most completely studied case of magnetohydrodynamic turbulence in astrophysics, and the only one extensively
and directly studied usinig situobservations. Magnetohydrodynamic scale fluctuations in the SW are usually anisotropic with
respect to the local mean magnetic fieg). In this work, we present a study of turbulent properties in the inner heliosphere
(solar wind between 0.3 and 1 AU) based on modeilingitu plasma and magnetic observations collected by Helios 1 and
Helios 2 spacecraft throughout a solar minimum. We present preliminary results on the evolution of the spatial structure of
the magnetic self-correlation function in the inner heliosphere. In particular we focus on the evolution of the integral length
scale Q) for magnetic fluctuations and on its anisotropy in the inertial range. As previously known from different studies, we
confirm that near Earth| > A, (with A andA representing the integral length in the parallel and perpendicular directions
respect tdo, respectively). However, for lower distances to the Sun we foundithatA, . Results presented here will help
us to refine models used to describe the turbulence and waves activity in the inner heliosphere.

Keywords: Solar Wind, Magnetohydrodynamical Turbulence, Magnetic Anisotropies
PACS: 96.50.Bk, 96.50.Ci, 96.50.Tf, 94.05.Lk

1. INTRODUCTION dicular wavenumbersk( andk ) [4]. When separated
in fast streams and slow SW, the typical magnetic self-
The presence of a large scale magnetic fiddg) (in  correlation for slow wind (which is 'older’) indicated an
a magnetohydrodynamic (MHD) system cannot be re-enhanced excitation &f, relative tok, in contrast to the
moved by a Galilean transformation, and thus it is ex-results for fast SW streams (which are 'younger’). This
pected that, during the dynamical evolution of an MHD provides direct evidence for transfer of energy during the
turbulent system, physical quantities of the system caraging of the SW turbulence. Part of the energy would be
develop anisotropies with respectBg. transfered fronk to k; modes [5], being the evolution
There is clear evidence that the presence of a uniforntime dependent on the spatial scales [6]. Recent works
'direct current (DC)’ (constant in space and time) mag-have shown that at 1 AU the turbulent cascade is active
netic field in a turbulent MHD system develops spec-in both the perpendicular and parallel directions [7], with
tral anisotropies from isotropic initial conditions (e.g., a dominant cascade in the perpendicular direction.
[1, 2]): modes with wavenumbers perpendicularBg In this work we present a study of the evolution of the
develop more readily than those parallel to it. Moreover,integral length scale)() for magnetic fluctuations and on
it is not necessary the presence of a DC field to expecits anisotropy in the inner heliosphere, analyzing mag-
such anisotropy. It has been shown that the presence ofreetic observations made by the spacecraft Helios 1 and 2.
local mean fieldBy (computed as the mean value of the The integral scale or correlation length can have any one
magnetic field in a box of a size of the order of the in- of several familiar definitions. Here we use the length as-
tegral scalel) is enough to develop the anisotropy [3], sociated with &xp(—1) decay of the correlation function
with a stronger anisotropy in regions whesg is more  (see Section 4). The correlation length is a standard mea-
intense with respect to the level of fluctuations. sure of the energy-containing scale (coherence) in turbu-
Different studies of the anisotropy of magnetic fluc- lence and is important in applications such as scattering
tuations in the solar wind (SW) at 1 Astronomical Unit of cosmic rays [8, 9].
(AU) have been done by several authors. Magnetic fluc- In Section 2 we present the correlation function and
tuations were found to be well-represented by a mix-correlation length that we analyze. In Section 3 we de-
ture of correlations associated with parallel and perpenscribe the method used for the data analysis. Then, in
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Sections 4 and 5, we present an analysis of the evolution A
of the correlation length and of its anisotropy, respec-
tively. Finally, in Section 6, we give our conclusions.

2. MAGNETIC SELF-CORRELATION
FUNCTION

R(r)

The magnetic self-correlation function is defined as
R(r,1) = (b(x,t) -b(x+r,t+71)) 1)

Note thatb is the fluctuating field (mean value re-
moved) and that Equation 1 is the trace of the usual o
two-points/two-times correlation tensor for the magnetic

field, where spatial and temporal translation symmetries 0 03 % 0 12 s
were assumed. For a spatial laghe correlation length r00°km)

along the direction of, results as

FIGURE 1. Typical (variance-normalized) magnetic self-

® _1(0)-b(r dr correlation function in the inner heliosphere. This curve was
A= Jo_ <b( )2 (> (2) obtained from making the average of all samples in the region
<b*> 0.3AU < d < 0.4 AU for all angles.

The aim of the present work is to make estimations
of A for different distances from the Suml)(and for

different angles §) between the direction af and the ~ Equation (1) can be ignored, and thB(r, 7) becomes
mean fieldB. a function ofr alone. A computation of the correlation

function taking into account the pure spatial lag, using
simultaneous observations from two spacecraft located
3. DATA ANALYSIS at a proper spatial separation, have been done recently
by the first time [16, 17, 18]; a good agreement with
We analyzein situ observations measured by Helios 1 the classical techniques assuming the Taylor hypothesis,
and Helios 2 spacecrafts of the interplanetary magneti@nalyzing single spacecraft observations as done in this
field [10] and plasma properties [11, 12]. The time seriesVOrk, has been found [19]. In this fashion we employ a
we analyze correspond to observations of SW during &3lackman-Tukeyechnique to compute each correlation
solar minimum from December 1974 to May 1978. TheyfunctionR' in the same way as done in [20]. A have
have a cadence of 40 seconds and are essentially on theen normalized by observed variances in each interval
ecliptic plane between 0.3 AU and 1.0 AU.
We group data into 6-hour intervals) (obtaining in
this way N subseries (or intervaB'). Then we shift
the data by 3 hours in order to maximize data utiliza- 4. EVOLUTION OF A
tion. Since we are interested in the stationary component
of the solar wind, as a first approach to it, we excludeWe define five equidistant spatial locations in the radial
those intervals containing transient interplanetary corodirection away from the Sun of length 0.1 AU between
nal mass ejections (ICME’s). To this extent, we only re-0.3 and 1.0 AU, in order to study the evolution of mag-
tain intervals showingops > 0.5 TexpWith TopsandTexp,  Netic fluctuations in the inner heliosphere. Then, we con-
the observed and expected proton temperatures respegider only those intervals that correspond to any given
tively [13]. spatial statiort; (i = 1—5) and compute conditional av-
From the observed temporal seriB5 we define in ~ erages of the correlation functio® in each interval,
each interval the magnetic fluctuations & =B' — B, ~ obtaining Rl Table 1 shows the edges of each spatial
whereB}) is the linear trend oB'. Helios 1& 2 data  Stationd; and number of temporal series studied.
provide two-time single-point correlations. However, Figure 1 shows a typical magnetic correlation function
because of the super-Alfvénic and supersonic charactébserved in the inner heliosphere, in particular it corre-
of the solar wind, we can construct spatial correlationsponds to the mean value Bfwhen the average of all
functions as usual by making use of the MHD analogueR™/ observed betweef.3 and0.4 AU are considered.
of the Taylorfrozen-in flonhypothesis [14, 15]. Thus, the If @ given functional form of the spectrum is assumed,
intrinsic time dependence of the magnetic fluctuations inthen it may be possible to find different analytical expres-
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TABLE 1. Number of intervals stud- TABLE 2. Number of intervals stud-

ied in each spatial station defined ied in each of the seven angular channels
throughout the inner heliosphere defined in the region near the Sun
d; (AU) Helios1 Helios 2 Angular
channel Helios1 Helios?2
0.3-04 227 70
0.45-0.55 128 63 0°-10r 51 12
0.6-0.7 166 217 10° - 1%° 60 12
0.75-0.85 241 323 15° - 200 61 24
09-1.0 528 681 200 - 30° 81 27
30° - 40 34 23
40° - 60° 41 23
60° - 90° 37 16
06 : ‘ ‘
< Helios 1 Observations
- - Fitted: A(d) [0.29x 10° r+0.24 )
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FIGURE 2. Heliocentric variation of the correlation length. R T P © ©

40
Angular Channel

. . . . FIGURE 3. Variation of A with 6 for 0.3 AU < d < 0.5
sions for the magnetic correlation function [21]. Here forAU. Upper panel: Helios 1 observations. Lower panel: Helios

simplicity and sinceRl4! in the inertial range looks like 5 ghservations.
approximately an exponential decay, we estimate corre-
lation lengthsA (4] = A (d) for each station as the value
of r, where the decreasing functi@ft! reachesthe value  We select seven unequally spaced angular channels.
of R(0)exp(—1). These channels have been delimited in such a way
The radial evolution of the correlation length observedthat we get nearly equal number of intervals distributed
by both spacecrafts is shown in figure 2, along with linearamong the channels (i.e. bins). This selection, is a con-
fits indicate thai (d) is an increasing function af. This  sequence of the fact that in the stationary solar wigd,
behavior implies that larger and larger scales are involvés mostly pointing to the Parker spiral, and only in few
in the turbulent evolution of solar wind becoming part of intervals this direction is distorted. We analyzed then the
the inertial range. variation of the correlation length with'. The edges of
the angular channels and the number of intervaiaid-
ied in each bin are shown in Table 2. From the corre-
5. ANISOTROPY lations functions in each interv& we again compute
conditional averages, considering now only those inter-
In this section we present a study of the anisotropy ofvals that correspond to any given chanflig(j =1—7)
the magnetic fluctuations for the region near the Sur‘obtainingR[Gj]_ We then calculate a mean magnetic cor-
between 0.3 and 0.5 AU. Thus, in this context, we re-relation lengt 65] = A(8) in each channel in the same
label each interval but now according to the value of way as we described in Section 2.

the angle@' bet\./veer.B'O and the solar wind \./elocit)_l's Results are shown in Fig. 3. It can be seen a growing
(Vg gives the direction of the spatial lag given byn  tendency from low values ok parallel toBo (A) to
Equation 2). higherA perpendicular t@g (A,). Table 3 presents the
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TABLE 3. %‘ in the inner helio- 2.
sphere.
3.
d (AU) Helios1 Helios 2
4.
0.3-05 0.57 0.75
0.55-0.75 0.88 0.95
0.8-1.0 1.04 1.02 5
6.

ratiosA /A for the region near the Sun (0.3 AUd <

0.5 AU), an intermediate region 0.55 AUd < 0.75 AU 7.
and the region near Earth 0.8 AUd < 1.0 AU. The
anisotropy observed in figure 3 becomes weaker with thé-
distance to the Sun so much that even the relative ordet
betweenA and A inverts at 0.8 AU - 1.0 AU, being 10
A > A, astypically observed at 1 AU [5, 20, 22].

11.

6. CONCLUSIONS

We have studied radially evolving properties of the spa-
tial correlation length in a solar minimum at the inner 1,
heliosphere using the data from spacecraft Helios 1 and
2. We have quantified the increasetofith the distance

to the Sun, which resultedl [km] ~ 0.30 x 10°d[AU]

+ 0.22. We also analyzed the anisotropy dfrespect

to the direction of the local mean field; from our sam-
ple we confirmed thad| > A, at 1 AU, and we found
that the relative importance of wavevectors is inverted
going closer to the Sun, withy < A, ford < 0.7 AU.

These results are consistent with a driving of modes witHL6.

wavevectors parallel tBg near Sun (atl < 0.3 AU), and
a progressive transfer of energy to modes with perpen:
dicular wavevectors.

In future works we plan to extend this analysis to a4g.

full solar cycle, and to analyze the Alfvenic activity for
different directions of the wavevectors.
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