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[1] Inthis study we analyze the evolution of solar wind turbulence from 0.3 to 1 AU using a
database of 387 intervals from the Helios 1 spacecraft. Our results uphold the conclusion
made by Smith etal. (2006), who used data from 1 AU, that the magnetic variance anisotropy
scales with both proton beta and the amplitude of fluctuations in the power spectrum all
the way down to 0.3 AU. We confirm the result of Bieber et al. (1996) that ~80% of the
energy is contained in the wave vectors perpendicular to the mean magnetic field and in light
of Dasso et al. (2005) we compute the fraction of energy in field-aligned wave vectors for
high- and low-speed intervals separately. As Hamilton et al. found at 1 AU, we also see
no clear reliance of the energy contained in parallel and perpendicular wave vectors based on
wind speed at any heliocentric distance between 0.3 and 1 AU in the range of frequencies
we study (5 to 20 mHz). These results combine to tell the story that the turbulent properties of
the solar wind we analyze are fully consistent with the 1 AU observations and no discernable

evolution can be found.

Citation: MacBride, B. T., C. W. Smith, and B. J. Vasquez (2010), Inertial-range anisotropies in the solar wind from
0.3 to 1 AU: Helios 1 observations, J. Geophys. Res., 115, A07105, doi:10.1029/2009JA014939.

1. Introduction

[2] Recent developments in the theory and observations of
interplanetary turbulence lend strong support to the assertion
that wave vectors nearly orthogonal to the mean magnetic
field play an important role in the dynamics and evolution
of the inertial range spectrum. Matthaeus et al. [1990] use
rotations of the mean magnetic field and the computation of
a universal correlation function for magnetic fluctuations to
demonstrate that magnetic energy is preferentially distributed
between field-aligned and perpendicular wave vectors. Bieber
et al. [1996] provide a mechanism for computing the distri-
bution of energy between field-aligned and perpendicular
wave vectors in a turbulent magnetofluid that is applicable
to single-spacecraft observations. Hereafter, we simply refer
to this method as the “Bieber analysis.” Using a database
of 454 magnetic field data intervals recorded by the Helios
spacecraft, each 34 min in duration and seen in association
with 29 distinct solar energetic particle (SEP) events, they
conclude that the perpendicular wave vectors contain ~80%
of the energy while the field-aligned wave vectors contain
only ~20% of the total magnetic energy at frequencies 0.98—
20.5 mHz. Dasso et al. [2005] repeat the Matthaeus et al.
analysis using five years of 64 s Advanced Composition
Explorer (ACE) data from 1 AU and show that the fast (slow)
wind preferentially populates the field-aligned (perpendicu-
lar) wave vectors. Osman and Horbury [2007] use multi-
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spacecraft techniques to study the distribution of energy
across wave vectors at smaller scales and in slow wind only,
and they conclude that a significant 2-D component is
required by the observations. The Matthaeus et al. analysis
was a combination of wind speeds and there is a strong
likelihood that the Bieber et al. analysis was as well.

[3] Underpinning these analyses is the question “To what
extent are the observed spectra remnants of solar source and
to what extent do in situ dynamics play a role in the forma-
tion of the spectral characteristics?”” Hamilton et al. [2008]
use ACE magnetic field data to argue that the large-scale
fluctuations studied by Dasso et al. [2005] may be largely a
remnant feature of the solar source. If true, the above division
of energy into field-aligned wave vectors in fast winds and
perpendicular wave vectors in slow winds is largely the result
of the acceleration processes and perhaps the early solar wind
evolution. Hamilton et al. find that at spacecraft frame fre-
quencies > 10 mHz there is no difference in the distribution
of energy according to wind speed. They further argue that
this is because the lifetime of a turbulent fluctuation at these
scales is short compared with the transit time of the solar wind
so that the high-frequency fluctuations arise via in situ turbu-
lent dynamics while the low-frequency fluctuations remain,
to a greater degree, remnants of the acceleration process. If
this is true, it is interesting to re-examine the evolution of the
turbulence using Helios data in order to observe the possible
evolution of fast and slow wind intervals.

[4] We focus here on the results of Bieber et al. [1996],
Leamon et al. [1998a)], Smith et al. [2006], and Hamilton et al.
[2008] who studied properties of solar wind turbulence at
1 AU in the high frequency end of the inertial range. Smith
et al. study the magnetic variance anisotropy (ratio of variance
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Figure 1. Heliocentric distance for Helios1 during years
when data for this study was obtained.

in the perpendicular fluctuations to the variance in the parallel
fluctuations) and find it scales with both proton beta and the
amplitude of the power spectrum. In their analysis they also
plot proton beta against the amplitude of the power spectrum of
magnetic field oscillations and find them to be correlated,
which leads to the result that magnetic variance anisotropy
scales with both quantities. Proton beta is a unitless quantity
defined as the ratio of thermal to magnetic energy density, and
if the variation of the magnetic field is related to the proton
temperature [Smith et al., 2006] it will be difficult to discern
whether the anisotropy arises due to the variation of the proton
beta or the amplitude of the power spectrum.

[s] Bieber et al. [1996], Leamon et al. [1998a], and
Hamilton et al. [2008] study the wave vector anisotropy in the
solar wind which gives an estimate of the relative energy
contained in the fluctuation vectors perpendicular and parallel
to the mean magnetic field. Leamon et al. apply the Bieber
analysis to high-frequency observations in the inertial range
at 1 AU and find 89% of the energy resides in wave vectors
perpendicular to the mean magnetic field. Hamilton et al. use
the same analysis in both the inertial and dissipation ranges at
1 AU but with an additional selection mechanism based on
wind speed. Their results demonstrate that field-aligned wave
vectors constitute ~30% of the total energy at inertial range
scales with no significant dependence on wind speed.

[6] In this analysis we extend the methods that have been
used previously at 1 AU to the inner heliosphere using ob-
servations by the Helios spacecraft. Additionally, we analyze
the magnetic variance and wave vector anisotropies as a
function of both wind speed and heliocentric distance. We
attempt to determine whether or not there is an observed
spatial evolution of the turbulent properties as a function of
heliocentric distance and whether or not there is a distinction
between fast and slow winds.

2. Database Construction

[7] In the analysis we use Helios 1 spacecraft magnetic
field data with 6 s resolution from the years 1974 through
1977. The Helios spacecraft traversed an orbit with a peri-
helion of 0.3 AU and an aphelion of 1 AU, so the recorded
data spans this spatial range. Figure 1 displays the helio-
centric distance of the Helios spacecraft as a function of time
from 1974 until 1977. We use 387 hand-selected intervals
ranging from 4 to 6 h in length to create magnetic power
spectra by a prewhitened Blackman and Tukey [1958] method
based on the autocorrelation functions. Intervals are selected
on the basis of apparent stationarity of their means and
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Figure 2. Number of intervals selected for study in incre-
ments of 0.1 AU.
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fluctuation levels in the hope of obtaining spectra that are
applicable to homogeneous turbulence theory. Intervals with
a well-defined power law index through the inertial range
were kept, while a few intervals with poorly obtained power
law spectra (most notably those containing negative energy
as is a possibility with Blackman-Tukey analyses) were dis-
carded. From the power spectra we analyze two frequency
intervals in the inertial range (5 to 20 mHz and 30 to 70 mHz)
which we refer to as the low-frequency and high-frequency
intervals, respectively. Time intervals were chosen on the
basis of providing a wide range of properties to analyze.
In particular, we include intervals spanning 0.3 to 1 AU and
spanning all available wind speeds. Figure 2 displays the
number of intervals chosen as a function of distance from the
Sun in increments of 0.1 AU and Figure 3 shows the dis-
tribution function of wind speeds for the events chosen.
These two plots demonstrate a full coverage of the inner
heliosphere from 0.3 to 1 AU and a range of wind speeds from
250 to 750 kmy/s.

2.1. IMF Spectra of Helios 1

[8] We obtained the data from the National Space Science
Data Center (NSSDC) via COHOWEB and studied the
documentation available. Figure 4 shows an example of
the spectra computed in this study. The interval is from 1900
to 2300 UT on day 273 of 1975 when the spacecraft is at
0.37 AU. Solar wind conditions are V=428 km/s, 3, =0.04,
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Figure 3. Distribution function of events according to wind

speed.
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Figure 4. Example component power spectra for magnetic
fluctuations at 0.3 AU.

and O gr=133°. The data are rotated into mean field coordinates
as defined by [Bieber et al., 1996]:

& = (ér x ép)/lér x ), (1)
& = &, X &, )
¢, = ép (3)

and spectra for each of the three components are computed.
The two frequency intervals described above are fit by power
law forms. Table 1 lists the computed spectral indexes. All
spectra except the Y-component show evidence of spectral
steepening in the high-frequency interval. This general behavior
of spectral steepening is seen throughout our analysis of the
Helios 1 data.

[v] We compute the mean and standard deviation for the
power law index in each frequency interval over limited
ranges of heliocentric distance and plot the results in Figure 5.
In the process, we separate the samples for low-speed wind
(Vsw < 400 km/s) and high-speed wind (Vg > 500 km/s) as
is done by Dasso et al. [2005]. Table 2 lists the values from
Figure 5 including the number of samples in each subset and
the computed error of the means which are important to the
following arguments. The error of the means are small and
comparable to or less than twice the size of the symbols used
in the plot. The standard deviation of the samples is large,
but still some trends emerge when one compares the chang-
ing means against the errors. There is an overall spectral
steepening with increasing heliocentric distance as reported
by Bavassano et al. [1982]. This is demonstrated by the

Table 1. Figure 4 Fit Parameters

Frequency Fit Intervals

Component 5 to 20 mHz 30 to 70 mHz
X —-1.61 £ 0.06 -1.90 + 0.06
Y —1.80 £ 0.06 —-1.74 £ 0.05
Z -1.74 £ 0.07 —-1.81 £ 0.06
Trace -1.73 £ 0.05 —1.82 + 0.04
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Figure 5. Means and standard deviations of power law
indexes for low-frequency range (squares) and high-frequency
range (triangles) computed from all data (top), high-speed
wind intervals (middle), and low-speed winds (bottom).

changing means that are greater than the error of the means,
thereby demonstrating that the shift of the distribution is
smaller than the width. Likewise, the average power law
index for the slow solar wind is continually higher than in the
fast solar wind by an amount considerably greater than the
error of the mean. Note that the spectra in the high-frequency
intervals consistently average to be steeper than in the low-
frequency intervals and the former are inconsistent with ACE
observations at 1 AU. The circular data point at the 1 AU
value is a result drawn from Hamilton et al. [2008] in the
range 10 to 100 mHz. Another problem is that the high-
frequency fits are consistently steeper than 1 AU observa-
tions even at 0.3 AU.

[10] We have tested our codes and tested our results against
independent analyses (R. Bruno, private communication,
2007) and we are forced to conclude that the measurements in
the high-frequency range are not correct. We believe that
either the instrument response function is not flat at these
frequencies or the data was poorly filtered prior to deposition
in the NSSDC. There is no apparent evidence of this problem
with Helios 2 observations. For this reason we will continue
this analysis using only the low-frequency results.

2.2. Analysis Techniques

[11] Once the spectral information is obtained, we are able
to compare the computed parameters in search of correlations
and trends. One quantity of interest is the variance anisotropy
6Bi/6Bﬁ where 6B3 = 6B + 6B§ and 6Bﬁ = §B? averaged
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Table 2. Figure 5 Values
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Wind Subset Frequency Range, mHz R AU Number of Samples (¢) + o (Standard Deviation)
All data 5-20 0.3-0.4 64 —1.55 + 0.02 (0.16)
All data 5-20 0.4-0.5 38 —1.64 + 0.03 (0.18)
All data 5-20 0.5-0.6 30 —1.58 £ 0.03 (0.15)
All data 5-20 0.6-0.7 33 —1.62 + 0.04 (0.21)
All data 5-20 0.7-0.8 49 —1.64 + 0.03 (0.21)
All data 5-20 0.8-0.9 68 —1.65 + 0.02 (0.18)
All data 5-20 0.9-1.0 105 —1.64 + 0.02 (0.20)
All data 30-70 0.3-0.4 64 —1.80 + 0.03 (0.21)
All data 30-70 0.4-0.5 38 —1.80 + 0.04 (0.22)
All data 30-70 0.5-0.6 30 —1.77 £ 0.03 (0.18)
All data 30-70 0.6-0.7 33 —1.81 +£ 0.03 (0.18)
All data 30-70 0.7-0.8 49 —1.80 + 0.03 (0.24)
All data 30-70 0.8-0.9 68 —1.86 + 0.03 (0.27)
All data 30-70 0.9-1.0 105 —1.88 + 0.02 (0.22)
Fast wind 5-20 0.3-0.4 18 —1.54 + 0.04 (0.15)
Fast wind 5-20 0.4-0.5 24 ~1.59 = 0.04 (0.18)
Fast wind 5-20 0.5-0.6 15 —1.55 + 0.03 (0.13)
Fast wind 5-20 0.6-0.7 22 —1.57 £ 0.04 (0.17)
Fast wind 5-20 0.7-0.8 18 —1.62 + 0.04 (0.19)
Fast wind 5-20 0.8-0.9 22 —1.62 + 0.03 (0.16)
Fast wind 5-20 0.9-1.0 49 —1.60 + 0.03 (0.18)
Fast wind 30-70 0.3-0.4 18 —1.81 + 0.05 (0.22)
Fast wind 30-70 0.4-0.5 24 —1.84 + 0.04 (0.20)
Fast wind 30-70 0.5-0.6 15 —1.74 + 0.05 (0.19)
Fast wind 30-70 0.6-0.7 22 —1.81 + 0.04 (0.18)
Fast wind 30-70 0.7-0.8 18 —1.82 + 0.04 (0.19)
Fast wind 30-70 0.8-0.9 22 —1.81 = 0.04 (0.19)
Fast wind 30-70 0.9-1.0 49 —1.87 £ 0.03 (0.24)
Slow wind 5-20 0.3-0.4 35 —1.56 + 0.03 (0.18)
Slow wind 5-20 0.4-0.5 9 —1.76 + 0.04 (0.13)
Slow wind 5-20 0.5-0.6 8 —1.65 + 0.07 (0.21)
Slow wind 5-20 0.6-0.7 8 —1.76 + 0.08 (0.24)
Slow wind 5-20 0.7-0.8 17 —1.69 + 0.05 (0.20)
Slow wind 5-20 0.8-0.9 33 —1.70 + 0.03 (0.17)
Slow wind 5-20 0.9-1.0 22 —1.72 + 0.04 (0.20)
Slow wind 30-70 0.3-0.4 35 —1.77 £ 0.03 (0.20)
Slow wind 30-70 0.4-0.5 9 —1.82 + 0.07 (0.20)
Slow wind 30-70 0.5-0.6 8 —1.85 + 0.06 (0.16)
Slow wind 30-70 0.6-0.7 8 —1.75 +£ 0.04 (0.10)
Slow wind 30-70 0.7-0.8 17 —1.79 + 0.08 (0.32)
Slow wind 30-70 0.8-0.9 33 —1.89 + 0.06 (0.33)
Slow wind 30-70 0.9-1.0 22 —1.96 + 0.04 (0.19)

over the prescribed frequency range. We use 0B to represent
the fluctuation relative to the mean field while subscripts
|| and L are defined relative to the mean field direction. This is
analogous to the Belcher and Davis [1971] analysis which
found an anisotropy of 9 in the trailing edge of high-speed
streams. The computed variance anisotropy for the example
spectra shown in Figure 4 is 6.7 + 2.6 for the low-frequency
interval.

[12] While there are other quantities obtainable in similar
fashion, the other of prime interest here is the wave vector
anisotropy as measured by the technique of Bieber et al.
[1996]. Leamon et al. [1998a] and Hamilton et al. [2008]
present reviews of this method and we describe it only
briefly here. Bieber et al. argue that (1) if the multidimen-
sional correlation function is locally axisymmetric in the
expanding flow, which assumes that the spectral energy
distribution is oriented only by the mean magnetic field and
attempting to maintain axisymmetry faster than expansion
will distort the correlation function; (2) if the energy is
divided between wave vectors parallel and perpendicular to
the mean field only; and (3) if both spectra have the same
power law index, then it is possible to use the two perpen-
dicular component spectra to compute the division of energy

between the parallel and perpendicular wave vectors. We
know of no independent measurement of the axisymmetry
assumption derived from a single or multiple spacecraft now
available, although multiple spacecraft techniques could
resolve the issue with sufficient data. Bieber et al. derive:

1-|q| /(2lal \ g 1-ldl
Py _ k!l 4y (qu‘)k2 @
1- 1-
P ks ] + 7 (ﬁ)lﬁ lq]
where
2y
by = —— 5
: wa Sin eBR ( )
27y
= 6
" Vywcos Opg (©)

are the 2-D and field-aligned wave vectors with projections at
spacecraft frame frequency v, P,, and P,, are the measured
power spectra in the mean field coordinates described above,
q is the power law index of the spectrum (always found to be
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Figure 6. Scatterplot of variance anisotropy for low-
frequency range (side axis) versus heliocentric distance for
all data.

negative), Opy is the angle between the mean field and the
solar wind flow, and 7' = C,/C is the ratio of energy in the 2-D
component C, and field-aligned (slab) component C,. (Note
that Hamilton et al. [2008] misprint equations (5) and (6) as
well as the definition of #.) It is then possible to write:

P,
- 1+
¥ = [tan Opg)" la {PA—PJ‘} (%) (7)
ql =5

and

" (®)
- 1+

where 7 is the fraction of energy associated with the field-
aligned wave vectors within the prescribed frequency band.
There are two ways to apply this formalism: Either P, /P,
can be binned into intervals of Oz and the resulting rela-
tionship fit with equation (4) to determine 7, or » can be
computed from each data interval using equations (7) and (8)
and then averaged. The former has the advantage of verifying
the above relationship. The latter benefits from better statis-
tics. We perform both methods in this paper to determine
the fraction of energy contained in the field-aligned and
perpendicular wave vectors. When computing the weighted
average value of 7, we have adopted a floor value of uncer-
tainty of 0.1. Therefore we set the uncertainty to be 0.1 for
those few points with smaller calculated uncertainty. In the
case of the example spectra shown in Figure 4 the computed
value of P,,/P,, for the low-frequency interval is 1.4 £ 0.5.
The computed value of Oz = 33°. The large uncertainty in
the spectral ratio for this event results in » = 28 + 52%.

3. Variance Anisotropy

[13] As stated in section 1, Smith et al. [2006] found the
magnetic variance anisotropy to scale with both proton beta
(8p) and the amplitude of the spectrum of magnetic fluctua-
tions (6B/By). This result was the product of an analysis based
on measurements taken with the ACE spacecraft at | AU and
we seek to extend this analysis to the inner heliosphere with
the Helios spacecraft.
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Figure 7. Scatterplot of variance anisotropy for low-
frequency range (side axis) versus thermal proton 3, for all
data.

[14] Figure 6 shows the computed variance anisotropy for
the low-frequency range plotted as a function of heliocentric
distance. Note that no clear dependence is seen. While this
could be the result of the data interval selection wherein the
same conditions were not chosen at both 0.3 and 1 AU, the
following plots suggest an alternate interpretation.

[15] Figure 7 plots the magnetic variance anisotropy of the
low frequency range versus 3,,. This plot is created using all
of the intervals that we analyzed with no selection based on
heliocentric distance or wind speed. As in the case of Smith
et al. [2006] we again find the variance anisotropy to scale
with 3,,. Figure 8 plots the magnetic variance anisotropy of
the low-frequency range against 6B/By, the square root of the
integrated power in the fit frequency range normalized by the
mean field intensity. Figure 8 (top) uses all 387 intervals from
the Helios database while Figure 8 (bottom) uses only the
64 intervals in our database recorded by Helios when the
spacecraft was in the 0.3 to 0.4 AU range. Both results show a
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Figure 8. (top) Scatterplot of variance anisotropy for low-
frequency range (side axis) versus integrated magnetic power
normalized to mean field intensity (bottom axis) for all data.
(bottom) Same for heliocentric distance range 0.3-0.4 AU.
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versus integrated magnetic fluctuation amplitude (bottom
axis) for all data.

10.

scaling of the variance anisotropy with §B/B,. This is also in
accordance with the Smith et al. results at 1 AU. In fact, the
trend lines shown in Figures 7 and 8 are the same lines used in
the analysis at 1 AU. These results suggest that the magnetic
variance anisotropy experiences no spatial evolution between
0.3 and 1 AU apart from its dependence on in situ variables.

[16] Similar to the results of Smith et al. [2006], we find a
dependence of the magnetic variance anisotropy on both 3,
and 0B/B,. Prior to the analysis we thought taking samples
from varying heliocentric distances might break the corre-
lation between the dependence on both 3, and 6B/B, to
determine which quantity is fundamental to the variance
anisotropy, but this did not happen. The variance anisotropy
scales with both quantities all the way down to 0.3 AU.
Figure 9 plots the thermal energy of the protons in the solar
wind against the amplitude of the power spectra and they are
shown to be correlated as reported by Grappin et al. [1990].
This correlation is what leads the magnetic variance anisot-
ropy to scale with both parameters in Figure 9.

4. Wave Vector Anisotropy

[17] As stated in section 1, the test to determine the orien-
tation of the wave vectors in solar wind turbulence was
developed by Bieber et al. [1996], and its first application
used data from SEP events observed by the Helios spacecraft.
That analysis focused on the frequency range 0.1 to 20 mHz
and showed that ~80% of the energy resides in the 2-D
component perpendicular to the mean magnetic field.
Leamon et al. [1998a] applied the Bieber test to data taken at 1
AU by the WIND spacecraft and found 89% of the energy
residing in 2-D component over the frequency range 10 to
200 mHz. Hamilton et al. [2008] employed this same test
using data from the ACE spacecraft with inertial range
frequencies 8 to 100 mHz and found ~70% 2-D. Further-
more, Hamilton et al. selected events based on the average
flow speed of the solar wind for each interval and found
no distinction in wave vector orientation between the inter-
vals with high-speed (Vs > 500 km/s) and low-speed (Vg <
400 km/s) streams.
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[18] Here we employ the Bieber test described in section
2.2 to examine the dependence of wave vector anisotropy
on not only wind speed as demonstrated by Hamilton et al.
[2008] but also on heliocentric distance from 0.3 to 1 AU.
By using data from the Helios spacecraft we have the op-
portunity to compare the percentage of energy contained in
the wave vectors perpendicular and parallel to the mean field
at various locations in the inner heliosphere. By comparing
results at different heliocentric distances it is possible to
determine whether the wave vector anisotropy evolves as the
solar wind expands from its solar source. Figure 10 displays
the ratio of power in the two components perpendicular to the
mean field as a function of the angle between the mean field

Low Frequency Range

Bieber Anisotropy - all data
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X
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Figure 10. (top) Distribution of computed ratio Py, /P, for
low-frequency fits binned by © g for all low-frequency data.
Minimum x? solution (solid line) and x? + 1 curves (dashed
lines) are shown. (middle) Same for all fast wind data. (bottom)
Same for all slow wind data. Top to bottom, best-fit values of
X are 0.64, 0.72, and 0.62.
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Table 3. Field-Aligned Fractions

Component Fit Average

All data 02713 0.25 + 0.02
Fast winds 0.3373) 0.30 £ 0.05
Slow winds 0.16279 0.25 £ 0.04

and the solar wind flow direction ©gg. The minimum xz fit
of the function in equation (4) to this data gives an estimate
of the percentage of energ contained in the field-aligned
wave vector. We find 27°15% of the energy is contained in
the field-aligned wave vectors using all of the data ranging
from heliocentric distances of 0.3 to 1 AU with no selection
based on wind speed. Performing the analysis with a filter for
average solar wind speed for an interval yields a field-aligned
fraction of 16:79% and 33:13% for the low-speed and high-
speed wind, respectively.

[19] Table 3 lists the fraction of energy contained in the
wave vectors aligned with the mean magnetic field computed
from equations (7) and (8). The average value with no wind
speed selection is 25% + 2%, and 25% =+ 4% and 30% + 5%
for slow and fast wind intervals, respectively. These average
values of the field-aligned fraction agree with those com-
puted from the fit of equation (4) to measured values of P,/
P, for different values of 8. Furthermore, the average and
fit values for the field-aligned fraction for low-speed intervals
lie within the uncertainty range for the average and fit values
for the same quantity in high-speed intervals, and reverse is
also true making the geometry of the fast and slow winds
equivalent at these scales. The average and fit values for the
analysis with no speed selection is also within the uncertainty
ranges of the average and fit values for both the high-speed
and low-speed analyses. These values are all within the
uncertainty range of the field-aligned fraction computed by
Bieber et al. [1996] of 27°% who also used data from the
Helios spacecraft, albeit selectively using data around SEP
events. Performing the same analysis with an additional filter
based on heliocentric distance shows no statistically signifi-
cant spatial evolution of the energy contained in the parallel
and perpendicular wave vectors.

5. Discussion

[20] The independence of field-aligned fraction based
on solar wind speed that we find in our results is contrary to
the conclusions of Dasso et al. [2005]. Similar to the results
of this analysis, Hamilton et al. [2008] also selected events
based on the average flow speed of each interval and show no
dependence of wave vector anisotropy on the solar wind
speed. Hamilton et al. provide a resolution to these seemingly
contradictory results. The resolution lies in the difference of
frequencies used for the two analyses. Hamilton et al. show
that ;. > 10 mHz represents fluctuations that are too short-
lived to be of solar origin and this holds down to the scope
of the present analysis at 0.3 AU. All of our results arise from
fse > 1 mHz. Hamilton et al. suggest that the distinction be-
tween slow and fast winds found by Dasso et al. could be a
remnant of the solar source.

[21] Our inability to find a well-defined dependence of
wave vector anisotropy on heliocentric distance is possibly
the product of an insufficient amount of data combined with
the apparent corruption of the high-frequency intervals ini-
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tially prepared for this study. Although we include 387 total
events in the entire analysis, once we begin selecting for wind
speed along with spatial ranges in the heliosphere the number
of events included to compute the average or fit the field-
aligned fraction diminishes and the uncertainty of the average
increases greatly. The average value of » computed at dif-
ferent heliocentric distances shows no correlation with the
spatial location. In order to achieve statistically significant
results for an analysis evaluating the dependence of the per-
centage of energy contained in parallel and perpendicular
wave vectors on the heliocentric distance, many more inter-
vals need to be added to the database.

6. Summary

[22] In this analysis we extend the findings of Leamon
et al. [1998a], Smith et al. [2006], and Hamilton et al.
[2008] to 0.3 AU and expand the results of Bieber et al.
[1996] to include a division of the intervals into fast and
slow wind categories. We extend the previous results based
on observations made by the ACE and WIND spacecraft to
observations made by Helios 1 in an attempt to determine
whether or not the properties of solar wind turbulence expe-
rience a spatial evolution between 0.3 and 1 AU. We have
confirmed the results of Smith et al. made at 1 AU that the
magnetic variance anisotropy scales with both proton beta
and the amplitude of the power spectrum. Similar to their
results, we are unable to break the correlation between the
proton beta and the amplitude of the power spectrum. These
results hold down to 0.3 AU, the closest to the Sun that Helios
travels. Bieber et al. found 26% of the energy resides in wave
vectors aligned with the mean magnetic field, and from two
independent analyses we find 27% and 25% of the energy
to be in the field-aligned wave vectors, generally. Hamilton
et al. found the wave vector anisotropy at 1 AU in the high
frequency end of the inertial range to be independent of solar
wind speed. We also analyze frequencies approaching the end
of the inertial range, but this analysis is not restricted to
measurements made at 1 AU; instead, it includes measure-
ments made in the range of 0.3 to 1 AU. We also find the wave
vector anisotropy to be independent of solar wind speed.
In addition, we find that there is no discernable dependence
of the wave vector anisotropy on heliocentric distance in the
frequency range 5-20 mHz. These results of the magnetic
variance and wave vector anisotropies that were made using
data from the Helios spacecraft demonstrate that the high-
frequency inertial-range turbulence measured at 0.3 AU is
nearly identical to the observations at 1 AU.
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