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Abstract. The flow directions of solar wind protons were measured in situ by the Helios spacecraft. A long-term
average of the velocity shows a systematic drift in the latitudinal flow angle of about +1° north observed with
Helios 1 and —1° south observed onboard of Helios 2. The longitudinal flow angle migrates about +1° west
over a period of almost 10 years for Helios 1 and 6 years for Helios 2. This systematic change with time of the
plasma flow direction may be caused by solar-cycle variations of the orientation of the Sun’s magnetic field which
partially corotates with the Sun inside the Alfvén surface (varying in distance between 10 Rg over the poles and
30 Re near the equator). These variations must have been imprinted on the solar wind flow when it detached
from corotation with the Sun near the Alfvén point. The angular momentum of the wind is intimately connected
with the flow and field directions. The gain of total angular momentum of the wind equals the loss of angular
momentum of the Sun, which is caused by the torque exerted on the rotating Sun through the magnetic field
of the expanding corona. Implications of the Helios observations for models of the magnetic fields of the Sun as
well as the solar wind are discussed. We show evidence, that changes of the solar magnetic field inside the Alfvén

surface are responsible for systematic drifts in the solar wind flow direction.
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1. Introduction

The distant solar wind is observed to expand nearly radi-
ally outward from the Sun, such as assumed in the early
models (e.g. Parker 1963). However, close to the Sun the
flow is non-radial and strongly guided by the magnetic
field. Only beyond the Alfvén point is the plasma flow
no longer governed by the Sun’s magnetic field, and from
thereon the field is frozen in the plasma and carried away
by the solar wind (Weber & Davis 1967). Due to solar rota-
tion the interplanetary magnetic field in the ecliptic plane
is wound into a spiral. The global heliospheric field has
the simplest form during the minimum phase of the solar
cycle (for a review see e.g. Forsyth et al. 1996). The solar
minimum field configuration has recently been modeled
analytically by Banaszkiewicz et al. (1998). Their model
consists of a dominant dipole and a weaker quadrupole
component plus a field caused by the near—Sun current
sheet. This sheet extends radially outward and transforms
gradually into the heliospheric current sheet.

Because in a heliocentric ecliptic coordinate system
(used throughout this paper) neither the magnetic equator
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is aligned with the ecliptic plane nor the solar rotation axis
with the polar axis, the current sheet depends on the eclip-
tic latitude. Observationally, the current sheet is warped
(Hoeksema et al. 1982, 1983) and thus causes an additional
latitudinal dependence (“ballerina skirt”) of the magnetic
field. The near—Sun wind, i.e., the wind between the source
surface of the magnetic field at about 3 Rg (Altschuler &
Newkirk 1969; Schatten et al. 1969; Hoeksema et al. 1982,
1983) and the Alfvén surface <30 R according to Marsch
& Richter (1984), is guided by the coronal magnetic field,
which has no toroidal (azimuthal) component in a corotat-
ing frame. Therefore, the near—Sun wind will, while being
guided by the magnetic field, acquire sizeable non-radial
velocity components in a non-corotating heliocentric rest
frame. These components remain and are imprinted on
the solar wind while it passes through the Alfvén point.
In the above picture the global heliospheric magnetic
field is divided into three separate components: the almost
current—free field inside the source surface about 3 Rg),
the current driven heliospheric magnetic field (HMF') out-
side the Alfvén surface (<~ 30 Rg), and the intermedi-
ate field in between. The latter acts as a kind of mag-
netic clutch, between the coronal magnetic field and the
HMF. In the region of the intermediate field also the
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acceleration of the slow solar wind occurs, and thus this re-
gion is dynamically very important. Nevertheless, this pic-
ture is oversimplified, because at high latitudes (> |£40°|)
the Alfvén surface may intersect the source surface, es-
pecially in the polar regions. Therefore, the three-region
model may be applied best at low latitudes, where the
Helios spacecraft were located.

In the interplanetary space, the non-radial components
of the solar wind velocity are usually less than 10% of
the radial component. The wind speed, Vi, is varying
between 250 and 800 kms~! (see e.g. the Helios solar
wind speed statistics in Schwenn 1990). Recently, inter-
est arose again to study non-radial flows with data ob-
tained in the outer heliosphere. Richardson et al. (1995)
discussed the longitudinal variation derived from the data
of the Pioneer Venus Orbiter (PVO), the Interplanetary
Monitoring Platform (IMP 8), WIND, and Voyager 2.
The data obtained from these spacecraft extend over
many years and cover the heliocentric distance range from
0.7 AU to 45 AU. The combined data set can thus be used
to study the radial, longitudinal and, within limits, even
latitudinal variations of the wind flow angles and a pos-
sible dependence on the solar cycle. Similarly, the Helios
data can be used to study the non-radial flows at distances
between 0.3 AU and 1.0 AU and their long-term trends in
connection with the Sun’s magnetic field. Such a study is
the main aim of the present paper. The angular momen-
tum of the solar wind measured within Earth’s orbit has
been analyzed earlier by Pizzo et al. (1983) and Marsch
& Richter (1984), who also inferred the location of the
Alfvén critical point, Ra. Assuming that the specific an-
gular momentum, L = Qg R3, is conserved allows one to
determine Ra, which can be inferred from the measured L
value and is found to range between about 10 and 30 R .
Here g is the solar rotation frequency.

However, temporal and spatial variations of the bound-
ary conditions in the solar corona as well as interplanetary
plasma kinematics and dynamics can change the flow di-
rection of the expanding wind, and thus an interpretation
of the azimuthal (east—west) component of the solar wind
must consider two effects, which have been known (see,
e.g., Dessler 1967; Pizzo et al. 1983) for a long time:

1. The coronal plasma corotates partly with the Sun up
to about the Alfvén point, beyond which the plasma is
gradually released from corotation. Thus the rotating
Sun enforces on the wind an azimuthal (or latitudinal)
flow component, which is added on the dominant ra-
dial velocity component. If the global coronal magnetic
field changes with time or in space the non-radial ve-
locity components in the wind will change accordingly;

2. When a fast solar wind stream, whose field lines
are less bent, collides with a preceding slow stream,
which has a stronger spiral curvature, then compres-
sive waves are excited without plasma interpenetra-
tion. As a result, an eastward (westward) deflection of
the fast (slow) solar wind is produced and seen by a
stationary in-situ observer crossing the interaction
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region as a perturbation of the flow from the radial
direction.

The first effect has the following consequence, resulting
from conservation of the mechanical angular momentum:
for any unperturbed fluid parcel, v;g r9 = vy 7, where
v, is the transverse (to the radial) velocity component
at rg = Ra, where the corotation ceases, and v is the ve-
locity at a larger distance, r, and decreases inversely pro-
portional to the radius. Thus if the reference value v, o and
release height rg in the corona change, the interplanetary
flow direction of the wind must change as well. The solar
corotation velocity at the equator of the Sun is 2 kms™?.
At 1 AU one still observes on Helios values of the trans-
verse wind velocity, v, , in the range from ~1,... 9kms~!.
Such large azimuthal components were first reported by
Brandt (1966). Observationally, the slow wind near the
ecliptic plane has the largest remnant azimuthal velocity
component. If extrapolated back to the Sun, these values
correspond to corotation distances of 7o =~ 14... 30 Ry
according to the Helios observations and the Weber &
Davies (1967) model. The distance Ry is the point where
the solar wind speed exceeds that of Alfvén waves in the
outer corona, or from the dynamical point of view, where
the wind ram pressure exceeds the energy density of the
Sun’s magnetic field.

It should be noted that the angular momentum of a so-
lar wind parcel not only depends on the distance at which
it is released, but also on its heliospheric latitude at which
it is released from corotation. At the poles the latitudi-
nal (azimuthal) component vanishes identically. A natural
choice of coordinates would therefore be the heliographic
coordinates instead of the ecliptic spacecraft coordinate
system. On the other hand, the angular momentum is an
invariant, and therefore independent of the coordinate sys-
tem. For this reason, we have used the original data in the
ecliptic spacecraft coordinate system.

The second effect discussed above will cause compres-
sions and deflections by stream interactions (corotating
interaction regions, “CIR”), which can result in forward
and reverse shock waves (see Gosling et al. 1997, for a
recent review of the Ulysses observations). In addition to
the deviations of the solar wind from the radial direction
induced by its corotation up to the Alfvén surface, CIRs
produce deviations of the solar wind from the radial di-
rection. Such deflections are easily detectable when the
wind passes over a stationary observer. Because a pair of
shock waves is usually created (with a contact disconti-
nuity in between), the first shock wave causes an east-
ward drift and the second one a westward drift (Dessler
1967). Also, Ulysses made some good observations of the
north—south flow deflections associated with CIRs, which
are discussed by Gosling et al. (1997) and in earlier pa-
pers by the same author. Because CIRs are mostly emerg-
ing only beyond 0.63 AU (e.g. Schwenn 1990), and since
the opposite drifts almost cancel on a long—term average,
this effect will not be discussed in the following. Stream
collisions become increasingly important in the outer
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heliosphere (e.g., Burlaga 1995), but their effects are less
important in the orbital range of Helios where the interac-
tion regions are still developing. Also, meridional (north—
south) components may arise, which are thought to be
driven by stream collisions and associated pressure gradi-
ents (Richardson et al. 1995; Gosling et al. 1997). In this
paper we will present evidence supporting the argument
that the changes of the magnetic field inside Ry are re-
sponsible for the observed mean systematic drifts in the
plasma flow direction.

2. Data analysis
2.1. The solar wind flow direction

The twin Helios spacecraft were virtually identical and
both placed in highly—eccentric heliocentric orbits, having
perihelia at about 0.3 AU and aphelia at about 1 AU. To
facilitate an accurate determination of the angular mo-
mentum flux of the solar wind, the attitudes of Helios 1
and Helios 2 and thus the spin directions were opposite
to each other, with Helios 1 spinning in the same sense
as the Sun. In the plasma instrument a set of contiguous
electron multipliers (CEM) sorts the particles according
to the direction of incidence in elevation with respect to
the ecliptic. Nine CEMs provide this directional resolu-
tion in the spacecraft polar angle (), while the azimuthal
(p) angular resolution is obtained by using the spin of
the spacecraft. A more detailed description can be found
in Pizzo et al. (1983), who also discuss the subtleties in-
volved in a reliable measurement of the azimuthal flow an-
gle and the angular momentum. In the present 1-D anal-
ysis their results have been taken into account, and our
data have been corrected in the same way as discussed by
Pizzo et al. (1983). In the above publication, the authors
show that the error in the azimuthal velocity is less than
1kms~! at 1 AU. Therefore, our results are at the limit of
the velocity resolution of the plasma instruments on the
Helios spacecraft. Because of the long-term averages the
presented data will at least show the quantitative trend.
Yet, because of the small angles involved, we cannot elim-
inate for certain that the systematic drift is not partly due
to an instrumental or spacecraft effect.

In our present analysis we used a data set of daily-
averaged parameters. The data were further smoothed by
a running mean over a period of 350 days. The trend
is also clearly seen in shorter time averages (>30 days),
but there are still short period variations due to the or-
bit of the spacecraft. The averaging time (350 days) is
quite large but appropriate, since it allows one to study
the secular variation of the parameters in the data set.
The averaging period is chosen in such a way that the
data become smooth, but it does not coincide and thus is
not in conflict with multiples of other known periodicities,
such as 1 year, the ~180 days orbital revolution period of
the spacecraft, or the 25.3 days sidereal rotation period of
the Sun. With the average parameters we can analyze the
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Fig. 1. A 350-days running mean of the azimuthal flow angle
(in degrees) of the solar wind: Helios 1 (solid line), Helios 2
(dotted line) and the daily sunspot number (dashed line) as
an indicator of the phase of the solar cycle. The data are the
deviations of the flow directions from the overall average, which
is @« = —1.60° for Helios 1 and « = 2.78° for Helios 2

long-term trends of the flow angles and study their depen-
dence on time or on the solar cycle.

The results for the azimuthal (longitudinal) flow angle
are shown in Fig. 1. It can be seen from Fig. 1 that the
average azimuthal flow direction of the solar wind changes
continuously and has a systematic eastward drift mea-
sured at both spacecraft with a mean rate of 0.1°/year,
which where estimated by a linear least square fit. The
solid line represents the Helios 1 data, the dotted the
Helios 2 data. For comparison the averaged sunspot num-
ber (dashed line) is also shown. There seems to be no
correlation of the flow-angle drift with the solar cycle.
The horizontal lines in Fig. 1 and the following figures
are caused by data gaps. For some periods at the the end
of the missions data were only collected during the perihe-
lion passage. During that time there was no data coverage
at the beginning and end of the 350 day average causing
the straight lines in Figs. 1 and 2.

The results for the elevation (latitudinal) flow angle are
shown in Fig. 2. It can be seen from Fig. 2 that the average
elevation of the flow of the solar wind changes continuously
and has a systematic drift from north to south or south to
north, respectively, which is measured at both spacecraft
with a mean rate of about 0.2°/year. These latitudinal
drifts show a different behavior in the Helios 1 and Helios 2
data: both drifts seem to be anti-correlated or perhaps
strongly phase-shifted in time by about 2.5 to 3 years.
The Helios 1 data appear to lead the solar cycle (indicated
by the sunspot number given by the dashed line), while
the Helios 2 data are most probably anti-correlated to
the solar cycle variations. Yet, the data coverage is not
sufficient to perform a conclusive correlation analysis.

On both spacecraft, there are identical instruments,
but the spin axis of Helios 1 and 2 were inverted at launch.
Therefore, one would expect that any systematic drift
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Fig. 2. A 350-days running mean of the elevation flow angle
(in degrees) of the solar wind: Helios 1 (solid line), Helios 2
(dotted line) and the daily sunspot number (dashed line) as
an indicator of the phase of the solar cycle. The data are the
deviations of the flow directions from the overall average, which
is e = —0.79° for Helios 1 and ¢ = —0.808° for Helios 2. Note
the distinct time lag between the two curves

caused by the instrument should produce equal, but oppo-
site biases. While this may be approximately true in the
latitudinal component, as shown in Fig. 2, it does not hold
true for the azimuthal variation shown in Fig. 1, where
both westward drifts do not show an opposite behavior.
Moreover, the latitudinal effect seems to be stronger on
Helios 1 than on Helios 2 (cf. Fig. 2). Therefore, we con-
clude that these small effects are real and not caused by
any instrumental bias. Pizzo et al. (1983) have already
mentioned that there might exist a difference between the
angular momentum fluxes measured on Helios 1 and 2.
Obviously, their data analysis is much more detailed, be-
cause they use a 3-D analysis, while we use the 1-D re-
sults. On the other hand, while the results of Pizzo et al.
(1983) were restricted to the Carrington rotations 1621
to 1625 (13 December 1974 to 6 April 1975), our analy-
sis covers the entire mission, approximately 10 years for
Helios 1 and about 6 years for Helios 2. To corroborate
our results a 3-D analysis over the entire mission is re-
quired, which is not available but shall be presented in a
forthcoming publication.

A cross-correlation analysis was performed to estimate
the lag between the time profiles of the sunspot number
and the elevation flow angle as measured by Helios 1.
The daily sunspot numbers were averaged in the same
way as the Helios data, and then a cross-correlation anal-
ysis (e.g. Scherer et al. 1997) was performed with the
help of the Fast Fourier Transform (FFT) technique.
Unfortunately, the data set does not cover a complete so-
lar cycle. Moreover, the solar cycle 21 started in mid 1976,
almost 1.5 years later than the start of the Helios data ac-
quisition, and ceased at the end of 1986. Thus the Helios 1
data were collected during the last 1.6 years in cycle 20
(with a length of 11.6 years) and for about 9 years in
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Fig.3. Hodogram of the longitude versus latitude of the
plasma flow direction, where the upper panel panel shows
Helios 1 data, and the lower right panel Helios 2 data

cycle 21 (with a length of 10.3 years). Hence our data set
covers about 13% of cycle 20 and and 87% of cycle 21,
and therefore a FFT-decomposition contains most prob-
ably superpositions of two or more higher-order harmon-
ics of the solar cycle 20 and 21. Therefore, an additional
cross-correlation analysis was done starting at solar cy-
cle 21. The results from the two cross-correlation analyzes
are systematically different, but show a common time lag
of approximately one to two years. Therefore, a quanti-
tative analysis of the data cannot be made. It can only
be stated, that variations in the elevation flow angle mea-
sured on Helios 1 are correlated with the solar cycle with
a phase shift of the order of one year. The changes of
the elevation flow angle observed on Helios 2 seem to be
anti-correlated with that of Helios 1, and hence with the
sunspot number, but the data coverage is too small to
allow a quantitative analysis. There are more advanced
methods to analyse time series, which will be applied af-
ter a 3—D analysis of the data has been performed.

The long-term non-radial directional variations of the
solar wind velocity with time are presented in the form of
a hodogram in Fig. 3 (triangles denote the start points),
where the latitude is plotted versus the longitude for the
data sets of Helios 1, falling in the upper left box, and for
Helios 2, falling in the lower right box. It can be seen that
the Helios 1 data form roughly a ragged circle, indicating
a partial rotation of the flow direction about its mean
value during a full solar cycle. The data set of Helios 2
is too short to reveal a similar behavior. A qualitative
interpretation of these observations will be given below.
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2.2. The variation of the solar wind angular
momentum

In this section we provide a short analysis of the solar
wind mechanical and magnetic angular momentum. For
the Helios data, these quantities have been analyzed before
in considerable detail by Pizzo et al. (1983) and Marsch &
Richter (1984), but for limited time periods. Here the em-
phasis will be on long-term trends during the solar cycle.
It is easy to calculate, with the help of the plasma flow ve-
locity and magnetic field vector, the total specific angular
momentum, L = Lp + Ly, per unit mass density, and its
variation with the solar wind flow. Let us for the moment
assume spherical symmetry and co—alignment of the rota-
tional and magnetic axes, and that this axis is perpendic-
ular to the ecliptic plane, which is a common assumption
in most solar corona and wind models (such as Weber &
Davis 1967). By definition, the specific mechanical angu-
lar momentum is Lp = 7 X wu, i.e. the radial part vanishes
identically. The other two components are obtained from
the longitudinal and latitudinal components of the solar
wind bulk velocity, u, i.e. we have Lp., 9 = ru, 9. Note,
that the observed angular momentum vector is described
in the heliocentric ecliptic polar coordinate system, and
that it may generally have two components for non-radial
flows (by definition, the radial component of Lp is zero).
In addition, we have calculated the components of the an-
gular momentum, Ly, of the magnetic field (Marsch &
Richter 1984) according to the formula:

B<P,19BT

1
4 puy (1)

Lvizp0 = =1

Here r denotes the radial distance from the Sun,
B,, B,, By are the magnetic field components in radial,
azimuthal and elevation direction in heliocentric polar co-
ordinates, u, is the radial component of the solar wind
bulk (protons only) velocity, and p = nome +npm, is the
total mass density of the a-particles and protons, with the
respective number densities n; and masses m; (i € (o, p)).
The latitudinal component would vanish in the ecliptic for
a rotationally symmetric solar magnetic field according to
the Weber & Davis (1967) model.

Note, however, that the Sun’s rotation axis is tilted
by 7.25° with respect to the ecliptic plane and the mag-
netic pole does not coincide with the rotation axis. Since
the coronal field is more symmetric about the magnetic
axis rather than the rotation axis, it is not just the tilt of
the rotation axis that may be important. Consequently,
the interplanetary magnetic field evolving from such a
coronal field will naturally have a non-vanishing latitu-
dinal component as well. Therefore, the total angular mo-
mentum, measured in a heliocentric ecliptic coordinate
system will have latitudinal and longitudinal components.
The spacecraft system is a Cartesian coordinate system,
in which the z—axis is aligned with the Sun—spacecraft
axis. The z—component is perpendicular to the ecliptic
plane and the y—component completes the right—handed
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Fig. 4. Total angular momentum of the solar wind: the upper
panel shows the latitudinal and the middle panel the longitu-
dinal component of the specific total angular momentum. The
bottom panel shows L. The solid line refers to Helios 1 and the
dashed line to Helios 2. The sunspot number (dashed line) is
shown for comparison

system. The spacecraft coordinate system will be used in
the following.

In the upper two panels of Fig. 4, the variations of
the two components, L, ., of the total angular momen-
tum, L = Lp + Ly; are shown. The middle panel shows
the change with time of the azimuthal component, L,
which seems, for both spacecraft, to be grossly correlated
with the sunspot number. The mean azimuthal angular
momentum is L, = 0.135 AU km s~! for Helios 1 and
L, =0.103 AU kms~! for Helios 2.

The relative variations of the latitudinal components of
the total angular momentum (upper panel of Fig. 4) are
significant and appear to be anti-correlated. The mean
latitudinal momentum is L, = —0.001 AU kms™! for
Helios 1 and L, = 0.247 AU kms~! for Helios 2. Our
results indicate clearly that also the signs of the latitudi-
nal solar wind angular momenta are different for the two
spacecraft. This difference may be connected with the dif-
ferent heliographic positions of the spacecraft. Our results
are obtained from data that are averaged over almost two
orbital periods, and hence reveal the fictitious spacecraft
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The heliocentric orbits of the
Helios spacecraft and the inner planets

Winter

Fig. 5. The orbits of the twin Helios spacecraft and terres-
trial planets. The numbers describe the projection of the heli-
ographic latitude on the ecliptic. The shaded areas correspond
to the northern and southern hemispheres, respectively

position averaged over one full Helios orbit, which is de-
termined by: —2aeP (Scherer 2000), where a &~ 0.64 AU
is the semimajor axis, € =~ 0.53 the eccentricity, and P
the unit vector pointing to the perihelion. On average,
both spacecraft are at a radial distance of 0.5 AU. But
while Helios 1 is at 0.5° in the northern solar hemisphere,
Helios 2 stays on average at 5° in the southern solar
hemisphere. This sizable difference in latitude, which is
illustrated in Fig. 5, has the consequence that the two
spacecraft see different interplanetary fields and are mag-
netically connected to different regions in the solar corona.
In the bottom panel of Fig. 4 the modulus of L is shown,
indicating similar temporal variations of the Helios 1 and 2
data for about 2 years out of 3 years of available Helios 2
data. There is a anticorrelation to the solar cycle, of the
specific angular momentum as measured on the Helios 1
spacecraft. But a more advanced analysis and higher data
resolution are required to confirm this result.

3. Interpretation

In order to change the average flow direction of the inter-
planetary solar wind and the corresponding angular mo-
menta, a global systematic variation of the Sun’s rotation
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axis or magnetic field axis is required. We will first exam-
ine possible gravitational and then magnetic effects.

3.1. Gravitational effects

The rotation axis of the Sun may undergo a free preces-
sion. Assuming that the Sun is a homogeneous sphere, the
precession frequency, €2, can be estimated:

C—-A
- = @

where Qg = %—@ is the solar rotation frequency and T =

0, Qo

25.3 days is the (equatorial) solar rotation period, and A is
the equatorial and C the polar momentum of inertia. From
observations one can find the form factor, J, = 3 107
(Sofia et al. 1994), which is connected with the momenta
of inertia by

C—-A C-A
" MuR, A ®)

where Mg is the Sun’s mass and R the solar equatorial
radius. Inserting Eq. (3) in Eq. (2) and inverting gives the
precession period of /2.3 10° years. This period is far too
large to explain the observed migration of the solar wind
flow angle. Thus we can exclude precession effects as an
explanation for the flow angle variations.

Planetary perturbations cause the Sun to move around
the barycentre of the solar system. This motion is dom-
inated by Jupiter and by Saturn and has a quasi-
periodicity of /10 years (Charvatova 1990). Because this
motion does not change the rotation axis of the Sun, it can
also not explain the drifts in the solar wind flow angles.

Jo

3.2. Magnetic field effects

Having excluded all gravitational effects, the causes for
variations in the flow direction as well as changes of the
angular momentum must be searched for in other reasons,
for example in the regular changes occurring during the so-
lar cycle in the global corona. The boundary conditions of
the solar wind and the coronal plasma and magnetic field
inside the Alfvén surface do change as a function of time.
For the most recent results see the special issue of SOHO
edited by Fleck & Svestka (1997). At solar minimum the
coronal hole boundaries in general remain at relatively
high latitudes, ~60°, but due to overexpansion the wind
emanating from them reaches to much lower latitudes in
interplanetary space. However, equatorial extensions of
the coronal holes at specific longitudes do often reach
into the equatorial regions. Especially during the declin-
ing phase of the solar cycle coronal holes reach deep into
the equatorial regions, as was observed in 1974 by Skylab
(Timothy et al. 1975) with the famous boot—shaped coro-
nal hole; and more recently with the “elephants trunk”
observed by SOHO in 1996 (Del Zanna & Bromage 1999;
Hoeksema et al. 1999) Therefore, during this period the
solar wind speed is on average larger at low latitudes than
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during solar maximum periods. At solar maximum, coro-
nal holes occur only rarely near the equator, and therefore
mainly low-speed solar wind exists in the ecliptic. During
solar maximum the Alfvén surface inside of which the solar
wind partly corotates, is located at larger solar distances.
Therefore, a larger transverse velocity component is im-
printed on the wind flow. This may lead to a solar—cycle
dependence on the variation of the transversal mechanical
angular momentum of the solar wind.

From the theoretical point of view, one often describes
the Sun’s magnetic field by two different basic types
of magnetic fields: a curl-free inner magnetic field, BS
(Hoeksema 1982, 1983; Bagenal & Gibson 1991; Zhao &
Hoeksema 1995) (with the field lines ending on the so-
called source-surface), and the outer magnetic field, e.g.
the classic Parker spiral field BY (Parker 1963), or more
recently the Fisk field, BY (Fisk 1996).

Both approaches are quite successful in describing the
magnetic field properties in their respective regions: the
inner field is a potential field and describes the magnetic
field structure inside a spherical source surface with ra-
dius Rg, which is located near 2.5 — 3 R, while the outer
fields are assumed to be valid beyond the distance Ra, i.e.
beyond the Alfvén surface. Both fields cannot be linked di-
rectly together, because the ¥, p—components of the outer
field do not vanish at the source surface, and the outer
field must not be curl free. Therefore, we require an inter-
mediate solar magnetic field to exist, which is consistent
with the boundary conditions and can be continuously
connected to the inner coronal magnetic field as well as to
the outer interplanetary magnetic field.

To our knowledge, there is presently no coronal and he-
liospheric magnetic field model having the required prop-
erties. Yet, first global numerical MHD simulations (see,
e.g., Linker et al. 1999; Bravo & Stewart 1997; Miki¢ &
Linker 1995; Wang et al. 1993) are available. But they
consume a lot of computer time and do not yet include a
realistic treatment of the coronal thermodynamics or the
acceleration of the solar wind (Marsch 1997, and refer-
ences therein). Moreover, no magnetic field measurements
are available for the suggested intermediate region. Thus,
we can only qualitatively discuss the physics occurring
possibly in the intermediate region.

The above proposed model has the advantage that it
can explain the changes in the angular momentum as well
as the anti—correlation between the elevation angles of the
flow observed by the Helios 1 and Helios 2 spacecraft.
During solar minimum the coronal holes reach deep down
into the equatorial region, from where fast solar wind can
emanate close to the solar surface. This radially-expanding
fast solar wind has only a weak transverse component,
which corresponds to a corotation distance of only a few
solar radii. Hence the resulting angular momentum will
remain small. During solar maximum, the solar activity
in the equatorial streamer belt is high, and the coronal
holes are pushed toward the poles. Then only slow so-
lar wind emerges at the low-latitude region, which may
be dominated by strong magnetic fields corotating out to
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the Alfvén surface (located at several solar radii). Hence
the angular momentum transferred to the unsteady solar
wind originating at the top of the streamers (Sheeley et al.
1997) will be comparatively large. This scenario explains
the main variations of the transverse angular momentum
of the solar wind.

During the 22—year solar cycle, the solar magnetic field
shows strong variations in which the dipole component
vanishes and changes the polarity. However, the multipole
components still exist, and a magnetic field axis can be de-
fined. On the other hand, the multipole expansion of the
solar surface field is based on a current—free description
and the assumption that the magnetic field at the source
surface is purely radial. This magnetic field description
cannot be extended to the interplanetary magnetic field,
because this has a strongly developed current sheet. In in-
terplanetary space, where the Helios spacecraft acquired
their data, the heliospheric magnetic field axis may be de-
fined by the current sheet and should be different from the
magnetic field axis as described by the current—free inner
coronal field model. At no time will the angular momen-
tum associated with the heliospheric magnetic field van-
ish, but always contribute to the total angular momentum
carried by the solar wind plasma and field. Hence, the mi-
gration of the magnetic pole as shown in Fig. 3 may not
refer to the dipole axis of the Sun’s field but to a more
generally defined heliospheric magnetic field axis, which
is determined at all times during the solar cycle. The cou-
pling between the heliospheric magnetic field and the field
on the source surface is unknown.

The solar magnetic field is produced by a dynamo,
which has to be non-axial symmetric. Therefore it is very
likely, that the magnetic axis precesses around the rotation
axis. A precession of the magnetic axis will be reflected in
a rotational variation of the inner coronal magnetic field.
This modulation will be imprinted on the intermediate
solar magnetic field and thus be transferred even to the
heliospheric magnetic field. Such a process could explain
the observed longitudinal and latitudinal variations of the
solar wind flow direction and connect them with the solar
cycle. In such a picture the magnetic pole of the Sun is
migrating on timescales of some decades as can be seen
in Fig. 3, like the Earth’s pole does on much larger time
scales of some ten to hundred thousand years.

From the Helios observations and the above discussion
the following empirical model for the global solar magnetic
field seems appropriate: an inner magnetic field, described
essentially by the source surface fields (Hoeksema et al.
1982, 1983; Bagenal & Gibson 1991; Zhao & Hoeksema
1995), a heliospheric magnetic field of the Parker or Fisk
type, and an intermediate field transforming gradually
into the heliospheric field. The intermediate field is located
in the region between the source surface radius (3.5 Rg,
which is also grossly coincident with the sonic point of
the flow) and the Alfvén radius Ra (which may range
between ~10—30 Rg). Such an empirical field configura-
tion can explain the different observations between the
two Helios spacecraft, because Helios 1 is on average in
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the northern magnetic hemisphere, while Helios 2 stays
predominately in the southern hemisphere. This config-
uration is also indicated by the normal (out-of-ecliptic)
component of the angular momentum, which is negative
in the southern hemisphere, and positive in the northern
hemisphere.

4. Conclusion

We have argued that the observed long-term variations
in the flow direction of the solar wind plasma are best
explained by a three-component magnetic field, including
a new intermediate field component. The observed angular
momentum variations may be caused by a migration of the
solar magnetic pole.

The analyzed Helios data show that the local variation
of the latitudinal and longitudinal components of the total
angular momentum are of the same order. However, the
latitudinal variations in different magnetic hemispheres
have the opposite sign in the data presented here, which
implies, that the corresponding angular momentum loss
(integrated from the north to south directions) vanishes.
Thus, only the azimuthal total angular momentum loss re-
mains, which is induced by the solar rotation. Therefore,
a more detailed theoretical analysis of the mechanical and
field angular momenta is needed, because the Weber &
Davis (1967) model does not take into account the three-
dimensional nature of the solar wind outflow and total
angular momentum transport.

The time lag between the sunspot number and the lat-
itudinal flow direction of the wind as observed by Helios 1
can be explained by the late occurrence of the coronal
holes near the equatorial region. Their appearance is de-
layed to about two years after solar minimum, and thus
the flow direction of the wind will change with the same
retardation.

A three—part model of the global solar heliospheric
magnetic field is quite useful, because the physical pro-
cesses in the three regions are different. Inside the source
surface field a current free magnetic field approximation is
suitable. Most probably, the fast solar wind originates in
this region. In between the source surface and the Alfvén
surface the magnetic field still dominates dynamically the
flow and imprints by enforced partial corotation a non—
radial component on the slow solar wind. Outside the
Alvfén surface the kinetic solar wind energy exceeds that
of the magnetic field, which from thereon is frozen in the
solar wind. Furthermore, the magnetic field is dynamically
unimportant in the outer heliosphere. In conclusion, it is
very meaningful to have different approximations for the
three field regions. Inside the source surface is the current
free field, outside the Alfvén surface it can be described by
the Parker spiral field or the Fisk field. The intermediate
field regime needs further theoretical investigation.

K. Scherer et al.: Time variations of non-radial solar wind flow
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