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The solar wind provides unique opportunities for long durairositu studies of magnetohydro-
dynamic turbulence in a plasma flowing supersonically with high magnetic Reynolds number.
Its spectral power density scales approximately as inverse frequertcat lower frequencies

(< 1 mHz); and ad —%/3, reminiscent of Kolmogorov’s inertial range [Kolmogorov(1941)], at
higher frequencies{ 10100 mHz). The frequency at which the transition between power laws
occurs ( 110 mHz) is observed to decline with increasing heliocentric distance in the plane
of the ecliptic, and this extension of tHe®/3 range at greater distances can be interpreted as
evidence for an evolving turbulent cascade. Thé range is taken to reflect embedded solar
coronal turbulence, convected with the solar wind.

In the present paper we concentrate on the quiet fast solar wind, where large transient events,
such as those associated with coronal mass ejections, are absent. We exploit the unique out-
of-ecliptic orbit of the Ulysses satellite, shown in Figure 1, by focusing on its measurements
of fluctuations in the three vector components of the magnetic Baluthe RTN coordinate
system, taken above polar solar coronal holes at times of both minimum (1994-1995) and maxi-
mum (2000-2001) solar activity. By applying generalised structure function analysis to this data,
combined with extended self-similarity [Benzi et al.(1993)], we address [Nicol et al.(2008)] key
nonlinear plasma physics and MHD turbulence issues. These include: the extent to which the
f~1 spectrum contains frozen information about coronal magnetic activity; the interplay be-
tween the coronal driver and the evolving inertial range turbulence; the degree to which the
fluctuations exhibit self-similarity; and the dependence of the foregoing on heliocentric latitude

and radial distance.

In Figure 2 we see that the power spectra show an inertial range with a Kolmogorov-like
behavior at higher frequencies and a characteristic flattening of the spectra at lower frequencies.
The existence of this regime is well-known in many physical processes [Bak et al.(1987)], and
also the interplanetary magnetic field [Matthaeus & Goldstein(1986), Matthaeus et al.(2007)].
The power spectra reveal power law scaling, but give no information on intermittency or on

whether the turbulent cascade is active; for this we turn to the associated GSFs.
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Figure 1: Ulysses orbit (plot courtesy of http://ulysses-ops.jpl.esa.int/ulysses/resources_galleryorbit.html):
1990— 1995. South polar pass: from days 210 to 269, 1994. Ulysses moved féd#12AU to 22014 AU and

from an heliographic latitude of 75.17° to —79.60°. North polar pass: from days 180 to 239, 1995. Ulysses
moved from 17926 AU to 22043 AU and from an heliographic latitude of.78° to 77.03.

Figure 2:Ulysses tangential magnetic field power spectrum for days-2210, 1994 (South polar pass, red) and

days 180- 189, 1995 (North polar pass, green).

Generally speaking, a time serig$) exhibits scaling [Sornette(2004)], if

(Iy(t+1) —y(t)|") ~ 6™ @)

Here the angular brackets denote an ensemble averagé, avgalying an assumption of ap-
proximate stationarity, the scaling is contained in fi{en) scaling exponents. We test equa-

tion (1) by computing the associated generalized structure functions or GSF, see for example
[Burlaga & Klein(1986), Horbury & Balogh(1997)]:

Sn(T) = (Iy(t+ 1) —y()|") = {|oy|"™) ()

In practice, the scaling in equation (1) is not always found. However, a weaker form of scal-
ing, known as extended self-similarity (ESS) [Benzi et al.(1993)] turns out to be applicable to
our datasets. ESS proceeds by replaairig equation (1) by an initially unknown generalized

timescaleg(1), such that formally
Sn(T) ~ [g(T)]<™ ©)

It follows from equation (3) that

S(T) = [S (1) (M4 (4)
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[Grossmann et al.(1997), Pagel & Balogh(2001)]. The measugetor magnetic field time se-
ries,B(t), is differenced for time lags in the range 1 minute to 50 minutes, yielding a series
oyi(t, 1) for its three components. We will focus here on theomponent GSF and ESS plots

shown in Figures 3 and 4.
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Figure 3:Third order GSFS; of the T component of magnetic field plotted versus differencing timescale
log-log axes, for all twelve 10 day intervals during Ulysses SouitiY'and North (“") polar passes. Each trace is

normalized toS;(t = 10min.)

Figure 4:Evidence for extended self-similarity (ESS) fitted across therIR @ to T = 14 min.) range. Log-log
plots of second order structure functi§nversus third order structure functi®for theT component of magnetic
field fluctuations during contiguous 10 day intervals, from day 180 to day 239 of 1995. The different intervals have

been uniformly shifted in thg-direction for clarity.

Figure 3 shows that GSF analysis is sufficient to reveal power law scaling in the low frequency
“1/f” range but not in the inertial range. However when®éor the different time intervals are
overlayed in Figure 3 at a commanhere chosen at= 10 minutes, the inertial range scaling
has a similar behaviour for all considered intervals. This implies a congfmndependence,
independent of small radial and latitudinal variations. We test this further in Figure 4 by applying
ESS to the data. The linear behaviour of the ESS traces in Figure 4 confirms scaling in the
inertial range of the forng|y(t + 1) — y(t)|™ ~ [g(1)]¢(™. We find that a good fit fog(T) is

g(1) ~ T—|oglo(7\r), % — 10 7-575+0.246 (5)
To summarize, we have analysed Ulysses quiet fast polar solar wind magnetic field measure-
ments to study the evolving turbulence for both North and South polar passes [Nicol et al.(2008),
Chapman et al.(2009)]. Over contiguous 10 day intervals, we quantify the scaling behavior of
both the inertial range and the lower frequendy *” range present in the solar wind. We use

generalized structure functions (GSF) and extended self-similarity (ESS) to quantify statistical
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scaling, and find that GSF is sufficient to reveal power lawisgah the low frequency £~

range, but ESS is necessary to reveal scaling in the inertial rangef THerange scaling varies

in a non secular way with spacecraft position as found previously [Horbury et al.(1995a)]. This
is consistent with a coronal origin for thd “1” scaling. In contrast, in the inertial range, com-
parisons of the third order structure functi&sfor the different time intervals show thgtr) is
independent of spacecraft position. A good fit to the inertial rangétis~ r"°910(’~”), where

A — 10~ 7-575£0.246

Our results clearly differentiate between the dynamics of the fluctuations seen ifrtHeahd

in the inertial range. Our functiog(t) for the inertial range scaling may be the signature of
the evolution of the turbulence observed at Ulysses, reflecting both the heating of the fast so-
lar wind at the corona and the subsequent expansion in the presence of the large scale solar
magnetic field.
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