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ABSTRACT

High latitude observations of the magnetic field by the
Ulysses spacecraft have shown a significant number of
cases where the radial magnetic field polarity is reversed
with respect to the dominant polarity of the coronal hole
from which the wind emanates. Such reversals have the
nature of folded back magnetic field lines. It has been
suggested that such reversals are due to reconnection of
closed and open field lines in the lower corona which
would launch a large amplitude Alfvén wave into the so-
lar wind. The kink in the field line however is unstable
and disappears within a few dynamical time-scales. We
suggest an alternative mechanism for the generation of
the polarity reversal, namely, the coupling of standard
large amplitude Alfvén turbulence in the low frequency
regime propagating away from the sun with the micro-
stream shears observed in the high speed solar wind. In
this way reversals are generated naturally during propa-
gation from the sun in a time-scale consistent with their
observation by Ulysses.

1. INTRODUCTION

White light and EUV observations show the solar corona
to be finely structured even in coronal holes, with rays
and plumes persisting out to the largest distances observ-
able using coronagraphs in space, about 30Rs (LASCO).
On the other hand, extensive studies by the Ulysses mis-
sion in situ have shown that many different plasma and
magnetic field structures, which span a large interval of
time scales - from several hours to days -, are present
in the out-of-ecliptic fast solar wind, presumably orig-
inating from coronal holes: pressure balance structures
(McComas et al. 1995, 1996), micro-streams (McComas
et al. 1995; Neugebauer et al. 1995), magnetic holes,
radial magnetic field polarity inversions (Balogh et al.
1999), as well as the ever present large scale Alfvén wave
spectrum (Smith et al. 1995) propagating away from the
sun. Though there have been attempts to identify the con-
nection or at least correlate structures measured in-situ
with the fine structure of coronal holes observed closer
to the sun, there is no unequivocally determined coronal
remnant recognized in the fast wind, the difficulty being
probably due to the strong dynamical evolution occurring
from the solar wind acceleration region outwards.

The fast solar wind carries magnetic field lines with a
polarity which corresponds on average to the dominant
polarity in the photosphere from which the wind origi-
nates (Balogh et al. 1995; Forsyth et al. 1996b). However,

high-latitude observations show a statistically significant
number of cases where the magnetic field polarity is in-
verted (Balogh et al. 1999). Earlier studies from Balogh
etal. (1999) have shown that, during these inversions, the
velocity-magnetic field correlation in the Alfvénic turbu-
lence spectrum corresponds to Alfvén waves that prop-
agate sunward, an indication that the measurement of a
radial magnetic field inversion corresponds to a passage
across a fold in a unipolar field, rather than a period of
opposite polarity flux connecting all the way back to the
sun. Yamauchi et al. (2002), based on the minimum vari-
ance analysis, conclude that polarity inversions observed
within pressure balance structures have the character of
tangential discontinuities, differing from those observed
outside pressure balance structures where they have the
character of rotational discontinuities. However, the anal-
ysis of the differential velocity between protons and al-
pha particles indicate that these two types of polarity in-
versions are similar (Yamauchi et al. 2004b): both are
likely switch-backs of magnetic field lines (cf. Yamauchi
et al. 2004b, Figure 1) . These results led Yamauchi et al.
(2004a) to suggest that the observed magnetic field polar-
ity inversion could be produced at the sun by the eruption
of macrospicule-size magnetic loops from the magnetic
network. The erupting magnetic field loop could then be-
come a magnetic field switchback in the fast solar wind
if reconnection with the open magnetic field line of the
polar hole is not fully completed after the loop enters in
the solar wind acceleration region.

We use here a 2.5D magnetohydrodynamic (MHD) nu-
merical model to test the above suggestion as well as
outline an alternative scenario for the formation of such
structures. We have followed the evolution of a large
amplitude Alfvén wave containing a well defined region
with reverse polarity in the magnetic field. The simula-
tions show that this structure, as expected on dimensional
grounds, does not survive beyond distances of a few tens
of thousands of kilometers. Using the same numerical
model we have studied the interaction between a sheared
velocity structure, modeling the fast wind micro-streams,
and a magnetic field containing a component across the
shear, such as arising from the lowest frequency range of
outwardly propagating Alfvénic turbulence. The simula-
tions show that switch-backs are produced. In the region
where the inversion of the magnetic field occurs there is
an enhancement of the gas pressure and a drop in the
magnetic field pressure. The total pressure remains ap-
proximatively constant and the plasma 3 grows with re-
spect to the adjacent regions. The simulation therefore
suggests that magnetic field polarity inversions could be
produced in situ by the interaction of low frequency, high
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amplitude, transverse Alfvén waves with radial velocity
field fluctuations.

2. THE NUMERICAL MODEL

We make use of the visco-resistive MHD equations for an
isothermal plasma
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Here v is the fluid velocity, B the magnetic field and
p the density. ¢ = R/uT, with R the gas constant
and © = 1/2 the mean atomic weight for a fully ion-
ized plasma of electrons and protons, is the isothermal
sound speed. These equations are expressed in dimen-
sionless units, defining a characteristic length L, a char-
acteristic density po and a characteristic magnetic field
strength By. The velocity field as well the isothermal
sound speed are therefore expressed in units of the Alfvén
speed v, = +/B?/ (4wp) while the characteristic time
scale is the Alfvén crossing time ¢, = Lo/v,. The mag-
nitude of the dissipative terms are determined by the mag-
netic R,, = Lov,/no and the kinetic R, = Lov, /10
Reynolds numbers. We assume an ignorable coordinate,
z, and introduce a scalar potential function ¢ so that

B= (g—(zy)-FBmo)f— (g—i—By())gj-l-Bzé S

with B and B0 constants. The equations (1),(2) and
(3) are integrated in a rectangular box of dimensions
[—Lg, L] x [—Ly, L] and the boundary conditions are
assigned by the use of projected characteristics of the
MHD equations (Vanajakshi et al. 1989; Roe & Bal-
sara 1996), allowing us to have essentially perfect non-
reflecting boundary conditions. Spatial integration is per-
formed by the use of compact difference schemes (Lele
1992) while time integration is performed with a third or-
der Runge-Kutta method.

3. KINK ALFVEN WAVES

The basic idea for a solar origin of the magnetic field
switch-backs observed in the high latitude fast solar wind
is magnetic loop eruptions an subsequent reconnection
with an open field line allowing a kink to propagate out-
ward (Yamauchi et al. 2004a, Fig. 1). The kink Alfvén
wave can be represented by the function ¢ using the fol-
lowing profile

¢ =—do (e""f - e‘rg) &)
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o= ((@—212)/ %)+ ((y —y12)/ )" (6

|||| \

Figure 1. Temporal evolution of the magnetic field line
(white) and current density grey-scale for a magnetic field
inversion created by a large amplitude kink Alfvén wave
containing a magnetic field switchback. Central magnetic
field line is emphasized in black. Clockwise from top left
t=0s, 50s, 100s, 150s

The width X, 4 as well as the values (21,2, y1,2) are cho-
sen in order to have a well defined magnetic inversion
polarity in the middle of the simulation domain

y1:1 y2:_1 )\yzl (7
r1=15 x3=-05 X\, =1/V3

The wave propagates along a constant magnetic field
By = Byy in the vertical y direction, and its Alfvénicity
is characterized by an anticorrelated velocity field v =
—0b//p The simulation rest frame is moving at the con-
stant Alfvén velocity due to the field By . The initial
condition magnetic field lines are shown in the upper left
panel of Fig. 1.

For a typical density ng = 10%® cm™ and a typical
magnetic field strength By = 10 G the Alfvén ve-
locity is v, = 2000 km/s. Macrospicule magnetic

loops are supposed to have dimensions of order Ly =
10000 Km(Yamauchi et al. 2004a). Therefore the charac-
teristic time scale ¢, is around 5 s. For a 106K corona the
sound speed is approximatively equal to ¢ = 130 km/s
and the plasma 3 is approximatively 8 - 1073,

Fig. 1 shows the evolution of the magnetic field lines
as function of time. The kink wave is not in pressure
equilibrium with the surrounding magnetic field and as
a consequence expands. During the expansion the un-
perturbed field lines are compressed and distorted. The
Alfvén wave also has vorticity and tends to turn clock-
wise or anti-clockwise, in order to reduce the magnetic
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Figure 2. Temporal evolution of the magnetic field line
and velocity field intensity for a simulation where an ini-
tial magnetic field (white lines, central one in black dash)
is stretched by an unaligned velocity shear, whose inten-
sity is shown in grey-scale. The velocity field is directed
in the vertical direction and vanishes in the center - i.e.
the bright regions are regions of lower velocity. Times are
shown clockwise from upper left 0 h, 2 h, 4 h, 6h.

stress. The result is that the structure is rapidly destroyed.
After 20 t, the magnetic field has recovered the domi-
nant polarity of the unperturbed magnetic field. There-
fore the inversion of the magnetic field lines lasts only
over a length d = 20v,t, = 20Ly ~ 2 -10% Km. With
the typical Reynolds number and resolutions used here
the dissipative time scales are much higher than the dy-
namical time scales, so the evolution is driven by the ideal
tendency of the field line to unbend.

4. SHEAR

In this simulation we model the low-frequency part of
Alfvnic turbulence - which is dominated by the magnetic
fluctuations - with a perturbed transverse magnetic field,
which for simplicity is assumed constant on the scale of
the numerical domain. This fluctuation is embedded in a
velocity stream. The magnetic field initially forms an an-
gle 6 with the shear. In the simulations the velocity field
is directed along the y-direction and has the following
profile:

@—m),

202 ®

u = —Jdugexp —

where ¢ is the half width of the stream and Ju its ampli-
tude. The magnetic field is taken initially to be

B = by (cos 0% + sin09) = byod + byo¥ )

Typical Alfvén speeds in the fast solar wind are few tens
of kilometers per second while Ulysses observations have
shown that fluctuations of the velocity field are of the or-
der of 50 km/s (McComas et al. 1995; Neugebauer et al.
1995). So for the simulations we choose by = 1 and du
between 2 and 5. The plasma (3 in fast solar wind streams
varies between 2 and 5 (McComas et al. 1995, 1996)
and can reach values of 10, 20 in the PBSs(Yamauchi
et al. 2004b). The mean angle between the magnetic
field line and the flow can span a large interval: during
the Ulysses orbit the Parker’s spiral azimuth angle varies
between 80° near the ecliptic at 5.4 AU to 40° at lati-
tude 60° and 3.2 AU (Forsyth et al. 1996b,a). Magnetic
field fluctuations are present as long period and large am-
plitude Alfvén waves also at helio-latitudes greater than
60° (Forsyth et al. 1996b; Smith et al. 1995; Neugebauer
2004). For our simulations we have chosen an angle of
45°as a representative value. If the characteristic period
of the Alfvn wave is an hour, a local Alfvén velocity of
20 Km/s (Smith et al. 1995; Goldstein et al. 1995) im-
plies that the typical length scale of our simulations is
Lo = 72000 Km corresponding to the width of the ve-
locity shear 4.

In Fig. 2 the magnetic field lines and the intensity of the
velocity shear are shown for different times. The plasma
[ has been taken equal to 5 while the ratio between the
minimum velocity of the shear and the Alfvén velocity
has been chosen equal to 5, not far from what is seen in
high speed streams. The flow drags the magnetic field
lines distorting them and a switchback develops. The
time scale for this to occur can be found on dimensional
grounds, since the growth is driven by the stream gradi-
ent, and it is the transverse field which must be bent back
into a field whose magnitude is of the same order of the
initial radial field:

i b2

= o 0u” (10)

With the values of the simulations shown in Fig. 2 we ob-
tain 6t = 0.4 in very good agreement with the time when
the inversion occur in the simulation. In Fig. 3 the pro-
files of the stream-wise component of the magnetic field
as a function of the cross-stream direction y are shown at
t = 2. The magnetic field reverses its polarity between
y = 3n/4 and y = 7w /8. In correspondence with the
polarity inversion there is a drop in the magnetic pressure
(dotted line in the third panel of Fig. 3) and an increase in
the plasma pressure (dashed line of the same panel). The
total pressure remains almost constant (solid line) and the
plasma 3 increases of roughly a factor 5 with respect to
the adjacent regions.

5. CONCLUSION

In the solar corona the magnetic pressure largely exceeds
the plasma pressure. A magnetic field topology which
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Figure 3. From top to bottom, cross-stream profiles of
the velocity shear, x-component of the magnetic field, to-
tal (solid), thermal (dashed) and magnetic (dotted) pres-
sures, and plasma (3 for the simulation of Fig. 2 at time
t=2

contains switchback field lines is hardly confined by the
surrounding plasma pressure. The magnetic stress of this
topology is free to expand on time scales comparable to
the local characteristic Alfvén time and the polarity inver-
sion is suppressed over scale heights of few tens of thou-
sands kilometers. While the simulations shown here do
not mean to exclude that this mechanism can occur in the
solar corona, they indicate that switch-backs in the mag-
netic field lines formed in the corona should not survive
up to distances where they are observed by the Ulysses
spacecraft.

Although in the fast polar solar wind the mean mag-
netic field is essentially radial, several transient futures
cause the magnetic field to be unaligned with respect
to the flow direction. Magnetic field fluctuations are
observed over a broad frequency range, corresponding
to a well-developed spectrum of outwardly propagating
Alfvén waves in a well-defined interval. At frequencies
below 10~° Hz fluctuations generated in the corona and
advected out in the solar wind lose their Alfvénic correla-
tion rapidly, and magnetic field fluctuations in this regime
decay more slowly with distance from the sun, leading
to an increase in deviations of the magnetic field from
the radial with distance from the sun ((Jokipii & Kota
1989)). Some evidence of the existence of such very low
frequency fluctuations has been reported by Jokipii et al.
(1995) and Smith et al. (1997). In any case, in the low fre-
quency range (below 10~ Hz) the observed amplitudes
of magnetic field fluctuations are of the same order of the
mean magnetic field 6b/b ~ 1. Such magnetic field fluc-

tuations can interact quickly with a velocity shear fluctu-
ation, such as that determined by micro-streams ((McCo-
mas et al. 1995; Neugebauer et al. 1995)), given the fact
that the plasma pressure exceeds the magnetic field pres-
sure and the fluctuations in the velocity field are greater
than the local Alfvén speed. The magnetic field lines are
then dragged by the velocity shear and they are distorted
until the polarity changes sign. Our numerical simula-
tions show how this interaction leads not only to the radial
field inversions, but also to plasma pressure and density
signals similar to those observed in the data.
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