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Abstract. The evolution of the turbulent properties in the solar wind, during the travel of the
parcels of fluid from the Sun to the outer heliosphere still has several unanswered questions. In
this work, we will present results of an study on the dynamical evolution of turbulent magnetic
fluctuations in the inner heliosphere. We focused on the anisotropy of the turbulence integral
scale, measured parallel and perpendicular to the direction of the local mean magnetic field, and
study its evolution according to the aging of the plasma parcels observed at different heliodis-
tances. As diagnostic tool we employed single-spacecraft correlation functions computed with
observations collected by Helios 1 & 2 probes over nearly one solar cycle. Our results are consis-
tent with driving modes with wave-vectors parallel to the direction of the local mean magnetic
field near the Sun, and a progressive spectral transfer of energy to modes with perpendicular
wave-vectors. Advances made in this direction, as those presented here, will contribute to our
understanding of the magnetohydrodynamical turbulence and Alfvénic-wave activity for this
system, and will provide a quantitative input for models of charged solar and galactic energetic
particles propagation and diffusion throughout the inner heliosphere.
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1. Introduction

The solar wind (SW) is a turbulent plasma and the fluctuations of their bulk properties
are ussually studied within the framework of magnetohydrodynamic (MHD) turbulence.

As originally proposed by Belcher & Davis (1971), it is often considered that the
main source of the interplanetary fluctuations is near the Sun, below the alfvénic critical
point. Near 0.3 astronomical unit (AU) from the Sun, fluctuations are observed to be
highly alfvénic with the sign of the cross helicity indicating mainly outward propagation
from the Sun. Nevertheless, Coleman’s (1968) point of view of an evolving turbulent
SW is essential for the evolution of the turbulence throughout the heliosphere. Velocity
gradients at large scales can drive local nonlinear instabilities that inject kinetic energy
only (i.e., injection of zero cross helicity turbulence, leading to a decrease of cross helicity
with heliodistance and to a state of well developed turbulence (Roberts et al. 1992).

Solar wind turbulence is anisotropic with respect the mean magnetic field By as has
been suggested in many studies (Robinson & Rusbridge 1971; Shebalin et al. 1983;
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Oughton et al. 1974; Goldreich & Sridhar 1995). The simplest models commonly used for
the description of anisotropic SW fluctuations are the slab model, where fluctuations have
wavevectors parallel to By, and the 2D model where fluctuations have wavevectors per-
pendicular to By. These models, although very simplified, provide a useful parametriza-
tion of anisotropy in SW turbulence, in the sense that all wavevector contributions can
be grouped into these two categories.

The solar wind three-dimensional structure is highly dependent upon the solar cycle
(see, e.g. McComas et al. (2003)). During low solar activity, the SW presents a bi-modal
structure, with a regular fast wind at high latitudes and a much more variable slow
wind at low latitudes. On the contrary, near solar maximum, the wind structure is more
complex, being highly variable at all heliolatitudes and arising from very diverse sources.
Thus, it is reasonably to expect a stronger velocity shear during solar maximum than
during minimum.

Then, one would like to know if the solar cycle, through this shear mechanism, as-
suming identical turbulent initial conditions near the Sun, can affect the SW turbulence
properties?

In order to explore this possible scenario, we look at anisotropies in the correlation
scale of the turbulence, and examine its evolution with heliodistance for different periods
of time, thereby taking into account the dynamical age of the turbulence as well as the
magnetic field direction and SW speed. To address this question, we employ Helios 1 (H1)
& Helios 2 (H2) observations made over almost a complete 11-year solar cycle. These are
unique spacecrafts since they have systematically explored the inner heliosphere providing
us with the youngest samples of wind observed in situ.

In the following, we briefly present the theoretical background for this work, describe
the data processing, analyze the anisotropy in the correlation scale, and present and
discuss the results.

2. Correlation lengths: analysis, results and discussion

The magnetic autocorrelation function R is commonly employed in studies of turbulent
magnetofluids like the SW (e.g., Tu & Marsch (1995)).
Assuming homogeneity in space and time, R can be defined as:

R(r,7) = (b(x,t).b(x+r,t+ 7)) (2.1)

where r and 7 are the spatial and temporal lags respectively.

Observations made by only one probe allows us to calculate R in the SW as R(—Vgw 7, 7),
with Vg the SW velocity.

However, due to the superalfvénic character of the SW, it is possible to construct spatial
correlation functions by means of the frozen-in flow Taylor hypothesis: Ry, (— Vw7, T =
0) = Ryy(r = 0,7) (Taylor 1938). Then the intrinsic lag time dependence in equation 2.1
can be ignored and R becomes a function of r alone, giving R(r) = (b(0).b(r)).

As mentioned before, anisotropies will develop with respect to By and therefore cor-
relation functions will not behave in the same way in different directions. A measure of
this correlation anisotropy can be given by means of the integral scale A computed from
R. If we consider a spatial lag r(f) making an angle 6 with respect to By, the correlation
lengths in the £#(#) direction can be defined as:

i (b(0).b(ri(6))

()
Conventionally, A can be viewed as an anisotropic measure of the size of the energy-
containing eddies in turbulence.

()

(2.2)
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We applied the concepts summerized above to H1 and H2 data (time cadence of 40
seconds), which correspond to observations almost in the ecliptic plane, between 0.3 AU
and 1.0 AU. We analyze observations in a range from December 1974 to June 1981. We
group the observations into intervals (I) of 24-hour length, and use the same procedure
as in Ruiz et al. (2011) to construct an appropiate data set. For each interval, this data
set contains a correlation function (R’) and its respective correlation length (A), the
distance from the Sun to the spacecraft (D!), the SW speed and the angle (6!) between
the direction of the mean magnetic field (BJ) and the SW velocity. The number of
intervals analyzed for H1 (H2) for solar maximum and solar minimum are 165 (181) and
333 (261), respectively.
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Figure 1. Scatterplot of A and AL vs. age.

Table 1. Fitted values of the slope (m, reported in 10 AU hs™!), assuming A = mT + b.

| Solar Minimum Solar Maximum

Dates |December 1974-December 1977 (H1) | November 1978-June 1981 (H1)
January 1976-December 1977 (H2) |December 1978-June 1981 (H2)
| my my |y mL
Helios 1[4.3+1.3 -1.4£1.0 4.4£3.1 -1.24£2.4
Helios 2 |3.5+1.1 1.7+1.1 2.5%+1.9 -2.0+£2.4

Since the degree and type of anisotropy can vary with heliodistance (Ruiz et al. 2011)
and with the wind speed (Dasso et al. 2005; Weygand et al. 2011), we perform an evolution
analysis of the anisotropy in correlation lengths in terms of the turbulent age of the
plasma, which is simply the nominal time it takes a SW parcel moving at speed V. to
travel from the Sun to the spacecraft located at D’. Then, in each interval we compute
this time as T! = D! /VZ | and establish two angular channels, the parallel (0° < 6 < 40°)
and the perpendicular channel (50° < 6 < 90°) into which we grouped observations, thus
obtaining in particular the parallel (\) and perpendicular (A1) correlation lengths.

The relative order between A\ and A can be interpreted qualitatively in terms of the
relative abundance of the two basic components of the MHD scale fluctuations, slab and

https://doi.org/10.1017/51743921312004796 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921312004796

Evolution of turbulent anisotropies in SW 167

2D. Accordingly, preponderance of the slablike component is identified by Aj/AL < 1,
while preponderance of the 2D component is identified by /AL > 1 (Matthaeus et al.
(1990)).

Figure 1 shows the evolution of A and A | with the turbulent age T', for both spacecrafts
H1 (upper panels) and H2 (bottom panels), differentiating observations that correspond
to solar minimum (left panels) respect to those observed in the solar maximum (right
panels). Single lines, clear for A and dark for A, are linear fits to the data. They reveal
a tendency of \| to grow with 7'. Instead, for A we find that the slope is not well defined
and their values are marginally inside the error bar; it can be positive (H1 at minimum),
negative (H1 at maximum) or even zero (H2 at minimum and maximum), as indicated in
Table 1. Furthermore, the mean evolution of A\ and A, indicates that for 7" smaller than
~ 70-100 hours, the slab component of the fluctuations is dominant (A < AL ), while for
T larger than ~ 70-100 hours, the 2D component is stronger (A > A1 ). The inversion
of the relative order of both populations occurs between T' ~ 70 hs and T ~ 100 hs, and
this fact is independent of the stage of the solar cycle.

The evolution of the anisotropy of correlation lengths with the aging of the solar wind
(T = D/Vy,) is consistent with the injection of alfvénic fluctuations near the Sun and a
subsequent spectral transfer from modes with wavectors parallel to By (k) to modes with
k. . There is no observable dependence of this evolution with the solar cycle. During both
periods of the cycle, the fluctuations evolve towards a larger abundance of the 2D-type
population, with a similar age of transition between the two populations.
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