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Abstract. Previous analyses of the north-south asym-
metry of the interplanetary magnetic helicity using the
omnitape dataset have shown that there exists a per-
sistent and statistically significant asymmetry in the
helicity at 1 AU. The asymmetry is concentrated in
fluctuations with spacecraft frame timescales less than
30 hours. We have extended these analyses to include
data collected in the outer heliosphere where we are
required to consider spacecraft frame timescales signif-
icantly greater than 30 hours. This shift in timescales
is consistent with the rotation of the Parker spiral. We
show the results from our studies of the Pioneer 10 & 11
datasets which demonstrate a north-south asymmetry
of the magnetic helicity consistent with that seen in the
inner heliosphere. Suggestive evidence of the selective
decay of magnetic helicity is also presented. The asym-
metry between the magnetic helicity of the two hemi-
spheres has significant and measurable implications for
cosmic ray propagation and these implications are re-
viewed briefly in light of the new results.

Introduction

The magnetic helicity is one of the invariants of in-
compressible MHD turbulence under prescribed bound-
ary conditions [ Woltjer, 1958] and represents the degree
of linkage, or ‘knottedness’ of the magnetic field lines
[Moffatt, 1978]. Since magnetic helicity can also repre-
sent the polarization of magnetic waves [Maithaeus and
Goldstein, 1982], it affects charged-particle scattering
when the polarization removes a significant fraction of
the magnetic fluctuation energy from participating in
the pitch-angle scattering by resonant interaction [Has-
selmann and Wibberenz, 1968]. Magnetic helicity, act-
ing in concert with adiabatic focusing, can alter the
parallel mean free path and convection speed of ener-
getic charged particles in a manner that is dependent
upon particle charge sign and the sun’s magnetic polar-
ity [Bieber et al., 1987; Bieber and Burger, 1990].

Bieber et al. [1987] show that the net magnetic helic-
ity (integrated over wavenumber) of the interplanetary
fluctuations responsible for the scattering of cosmic rays
at 1 AU possesses a definite dominant sign which is
predominantly negative north of the heliospheric cur-
rent sheet and positive south of the sheet. Smith and
Bieber [1993] show that this statistically significant net
helicity resides at spatial scales corresponding to lags in
the correlation function up to 30 hours and frequencies
in the helicity spectrum less than 10~° Hz. Escape of
helicity-containing toroidal flux from the solar interior
has been postulated by Bieber and Rust [1995a,b] as a
possible source for magnetic helicity in the solar wind.

Matthaeus et al. [1990] and Bieber et al. [1993;
1994; 1995] show evidence derived from both direct ob-
servations of the correlation function for IMF fluctua-
tions and cosmic ray propagation in the interplanetary
medium suggesting that the true geometry of the IMF
turbulence is a slab/2-D composite dominated in energy
by the 2-D component. In this circumstance, most or
all of the helicity would likely reside in the slab compo-
nent [Smith and Bieber, 1993]. Because it is primarily
the slab component that scatters the particles, the mea-
sured helicity as a fraction of the total turbulence en-
ergy may greatly underestimate the true contributions
of helicity to particle scattering.

Analysis

Matthaeus and Smith [1981] and Matthaeus et al.
[1982] provide a method for measuring the magnetic
helicity, Hys, and its spectrum in interplanetary space
using a single spacecraft. The magnetic helicity is de-

fined by
+oo
Hy = / ®(z)de (1)
0

where the generator function for the magnetic helicity
is given by

{)(m) = _[Ryz(mi 0, 0) - Rzy(mi 0, 0)] (2)

and

Ri]-(r) = <5B,’(X)5Bj (x + I‘)> (3)

R;; is the correlation matrix for the magnetic fluctua-
tions. Brackets ( ) denote ensemble average.

We separate measurements of the IMF into toward
and away sector samplings according to the orientation
of the hourly averaged data points used in this anal-
ysis and the predicted orientation of the IMF as de-
rived from the Parker [1958] theory and the observed
solar wind speed. In order to examine measurements
recorded by the Pioneer 10 & 11 spacecraft at varying
heliocentric distances without giving undue statistical
weight to the inner-heliospheric measurements where
the IMF fluctuation energy is greatest, we redefine ®(z)
to be

®=— |Ry,(2,0,0) — R,y(z,0,0) (4)
where
(I‘) — <5Bi(x)6Bj (x + I‘)> (5)
YT (X 6Bi(x)6Bi(x))
The term (3, 6B;(x)6B;(x)) is the average energy of
the fluctuations within the interval which we subse-

quently denote as Ep. Such normalized correlation
functions were computed for each solar rotation interval
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Figure 1. Yearly averages of net magnetic helicity dif-
ference between toward and away sector populations
as recorded on the omnitape and computed using the
energy-normalized analysis. The south-north asymme-
try is achieved by reversing the signs on yearly values
prior to 1969 and after 1981 and discarding years 1969-
71 and 1980.

in the dataset. These can then be further averaged to
yield estimates of ®(z) so that averages over a range
of heliocentric distances may be computed without giv-
ing undue emphasis to the inner heliospheric measure-
ments. The trace of the energy-normalized correlation
matrix, >, Rii(r = 0), is 1. The analyses of omnitape
data performed previously [Bieber et al., 1987; Smith
and Bieber, 1993] have been repeated to verify the va-
lidity of this approach.

Figure 1 uses the energy-normalized analysis to re-
produce the yearly difference in the toward and away
sector net magnetic helicity demonstrated by Bieber
et al. [1987]. Except for a general and approximate
renormalization of the helicity by the average energy
of the sectors, the results are in good agreement with
the earlier treatment. Separation into toward and away
sector populations removes the energy associated with
sector crossings, but leaves other large-scale transients
to contribute to the energy. Intermediate-scale anal-
yses of the correlation functions computed over indi-
vidual solar rotations provide statistically independent
estimates of the correlation function and magnetic he-
licity generating function which can be averaged fur-
ther. The net energy-normalized helicity demonstrates
the relative amount of helicity vs. energy contained in
the solar wind fluctuations. From this a persistent dif-
ference in the net magnetic helicity of the northern and
southern hemispheres may be deduced with the south-
ern hemisphere having a greater magnetic helicity than
the north.

Figure 2 (top panel) shows the separate northern and
southern hemispheric values of ® as computed from the
omnitape dataset using the above energy-normalized
analysis for the combined years of 1965 through 1988.
The values of @ for the northern and southern hemi-
spheres (@Y and ®°) differ in sign, but otherwise dis-

play similar forms. Values of &Y and &° computed
from the PVO dataset are similar in form. Although
not shown, the energy-normalized analysis of the he-
licity remains true to the more familiar method except
for an overall renormalization consistent with the av-
erage energy. The south-north difference of & derived
from the omnitape is shown in Figure 2 (bottom panel).
The magnetic helicity asymmetry at 1 AU (and 0.7 AU
although it is not shown) resides in time-scales (length-
scales) less than ~ 30 hours (~ 5 x 107 km). At greater
lags, ) approaches zero and varies in a random fashion.
Convergence of ® to zero indicates that the magnetic
helicity is correctly determined with maximum lags in
excess of 30 hours in so far as convergence of & at long
lags is required by the analysis [Maithaeus and Smith,
1981; Matthaeus et al., 1982]. The difference 5 — oV
does not result from like-signed functions that differ in
magnitude.
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Figure 2. (Top panel) ®(r) for northern (squares) and
southern (triangles) hemispheres as computed from om-
nitape dataset. (Bottom panel) South-north difference
of correlation functions. The net energy-normalized
magnetic helicity is given by the integral over these cor-
relation functions.

We can use Figure 2 to compute a 24-year average
of the energy-normalized helicity for the northern and
southern hemispheres as well as the helicity asymmetry
by summing over lags according to:

Z @S (ri)A (6)
Z &Y (r;)Ar (7)

where Ar = Vj,y X (lhr). The net south-north energy-
normalized magnetic helicity asymmetry derived from
the omnitape measurements for the years 1965 through
1988 as computed for lags up to 72 hours is 0.0041 £+
0.0007 AU. The northern and southern hemispheric val-
ues are —0.0008 + 0.0005 AU and 0.0033 4+ 0.0005 AU,

HM/EB

(Hit/E) =
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Figure 3. (Top panel) <i>(r) for northern (squares)
and southern (triangles) hemispheric measurements
recorded by Pioneer 11 from 1974 through 1979. (Bot-

tom panel) South-north difference of ®.

respectively. Uncertainties here and throughout the pa-
per are the computed error of the mean. Both means
and uncertainties are derived from the ensemble of solar
rotation averages.

We have examined measurements recorded by Voy-
ager 1 & 2 and Pioneer 10 & 11 from 1974 through 1989
spanning heliocentric distances from 1 to 45 AU. The
analyses show a general trend for non-zero values in &
to move toward larger lags as we show below.

The computed values of ®¥ and ®° derived from
Pioneer 11 observations from 1974 through 1979 span-
ning heliocentric distances from 1 to 9 AU are shown
in Figure 3 (top panel). These curves possess the same
general form displayed by the omnitape and PVO re-
sults except that there is less statistical significance ow-
ing to the shorter data set, and the lag at which the
correlation functions converge to zero is longer. The
south-north difference of ® shown in the bottom panel
of Figure 3 demonstrates a nearly positive-definite value
for lags less than 100 hours in keeping with the 1 AU
result and the general rotation of the IMF to greater
winding angles. If all else is constant in a slab ge-
ometry, then rotation of the mean magnetic field from
Yyinding ~ 45°, which is typical of Earth-orbit mea-
surements, t0 Wyinging ~ 78°, which approximately
typifies this dataset, corresponds to spatial structures
which appear at 30 hour lags now becoming apparent
at 100 hour lags.

Figure 4 repeats the same analysis as before for Pio-
neer 10 measurements recorded from 1972 through 1975
and from 1 to 8.4 AU. It demonstrates less clear results
for the separate northern and southern hemispheres,
but the bottom panel demonstrates that ®° tends to
contain estimates larger in value than the northern
fields, resulting in a positive south-north asymmetry.
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Figure 4. (Top panel) <i>(r) for northern (squares)
and southern (triangles) hemispheric measurements
recorded by Pioneer 10 from 1972 through 1975. (Bot-

tom panel) South-north difference of ®.

The shorter time period also offers less statistical sig-
nificance to the estimates.

We can compute the net helicity from the Pioneer 10
& 11 correlation functions shown above as well as for the
omnitape over the same time periods and for the same
maximum lag. These values are tabulated in Table 1.
Both the northern and southern hemispheric measure-
ments demonstrate an increased ratio of Hys/Ep in the
outer heliosphere relative to 1 AU with the exception
of the Pioneer 10 measurements of the southern hemi-
sphere. The helicity asymmetry is divided on this issue
due to the Pioneer 10 southern hemispheric measure-
ments. Although 3 out of 4 results offer suggestive ev-
idence of selective decay [Matthaeus and Montgomery,
1980], more study is needed before either selective decay
or inverse cascade processes can be claimed.

Summary

A persistent difference exists between magnetic he-
licity measurements made north and south of the he-
liospheric current sheet. This asymmetry is observed
to persist from 1 to 9 AU. The net magnetic helicity
of the southern hemisphere is consistently greater than
that of the northern hemisphere with oppositely signed
helicity at the large scales. In the inner heliosphere the
net magnetic helicity resides at length-scales associated
with 30 hour lags (~ 5 x 107 km).

This analysis indicates that the north-south asym-
metry of the magnetic helicity seen within the inner
heliosphere persists and increases slightly in the outer
heliosphere. The length scale at which consistently non-
zero levels of magnetic helicity are observed increases
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Table 1. Helicity Length Scales

5 N
Dataset Years  (HS/Ep) [AU] (HY/Eg) [AU] <’;—1§> - <’;—g> [AU]
omnitape  1065-88  0.004£0.001 _ —0.007 £ 0.001 0.011 £ 0.001
omnitape  1972-75  0.00940.002  —0.012 + 0.002 0.022 £ 0.003
Pioneer 10 1972-75 —0.007+0.002 —0.016 = 0.002 0.008 £ 0.003
omnitape  1974-79  0.0020.002  —0.005 = 0.002 0.007 £ 0.003
Pioneer 11 1974-79  0.020+0.003  —0.011 % 0.002 0.031 £ 0.003

with heliocentric distance according to the winding an-
gle of the large-scale IMF, in a manner consistent with
the helicity residing in the slab geometry component of
the IMF fluctuations.

There are several reasons to believe that the geome-
try of the IMF fluctuations is a composite of slab and
2-D [Matthaeus et al., 1990; Oughton et al., 1994; Bieber
et al., 1994]. Transverse 2-D turbulence cannot contain
magnetic helicity. If the solar turbulence has a domi-
nant 2-D component, as recent evidence suggests, then
the significance of helicity in the minority component is
elevated correspondingly.

The analysis of the two intervals of Pioneer data sug-
gest that selective decay or inverse cascade of magnetic
helicity may be operating in the solar wind. Many
processes, including the injection of helical energy by
stream-stream interaction [Zank et al., 1995], could pos-
sibly account for the observation as well. This result is
only preliminary at present.

We have examined the Voyager dataset and other
years of Pioneer measurements as well with mixed re-
sults. While the suggestion that helicity moves to longer
lags is generally upheld, the correlation functions gen-
erally degrade due to a lack of statistical significance
brought on by sampling problems. These problems are
thought to result from the increased winding angle at
large heliocentric distances as well as the movement of
the spacecraft through a decidedly non-stationary and
inhomogeneous IMF. Efforts to overcome these prob-
lems are ongoing.
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