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Abstract.

A summary of the new model of the heliospheric magnetic field and its observational implications is

presented. We first introduce a global model for the steady-state configuration in the low corona and discuss solar and
heliospheric implications of the resulting field configuration. Finally, we compare the effects of this model with random
transport of field-lines due to reconnection on the solar surface and to the dynamic turbulent transport of magnetic field-

lines.

INTRODUCTION: THE THEORY

One of the most unexpected discoveries of the Ulysses
mission is the observation of recurrent events of low-
rigidity particles observed up to very high latitude
(1). These particles are accelerated at low latitude Co-
Rotating Interaction Regions (CIRs) and propagate along
heliospheric magnetic field-lines. However, if the helio-
spheric magnetic field has a Parker spiral configuration,
the field-aligned latitude transport is not possible.

In his 1996 paper Fisk (2) described a model of the
heliospheric magnetic field which has a substantially dif-
ferent geometry than the original Parker spiral configu-
ration. The changes arise from the fact that solar mag-
netic field-lines expand from a differentially rotating pho-
tosphere into more rigidly rotating coronal holes which
are not symmetrically centered on the solar rotation axis
Q. The motions of the differentially rotating photospheric
field-lines are then projected into the heliosphere, which
results in deviations from the Parker spiral configuration.

It has been pointed out that the expansion of the so-
lar magnetic field has to be considered as a global effect
(3), (4). Close to the Sun plasma cannot support any net
magnetic forces. The only alternative is then no pres-
sure gradients in the magnetic field strength (5). There-
fore, the magnetic field becomes uniform in strength in
the corona, and thus creates a magnetic field in the helio-
sphere which has uniform strength R?B,, as is observed in
situ (see, e.g. on Helios (6) and Ulysses (7)). Figure 1 il-
Iustrates a surface away from the Sun, where the constant
pressure is established. The surface is placed at several
solar radii from the Sun, but within the Alfven point. The
surface is permeated only by open magnetic field-lines. It
can be shown by Fisk (4) that the velocities occurring on
this surface follow V-u; = 0. All trajectories therefore
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FIGURE 1. The surface of constant magnetic pressure. The
surface is located at several solar radii from the Sun, and is pen-
etrated only by open magnetic field-lines. The surface is located
in a region of low beta plasma, and the field-lines are primarily
radial. The location of the equatorial current sheet and the in-
terface between the regions of fast and slow solar wind, By ,
are marked. The M-axis is normal to the plane defined by the
equatorial current sheet, and is offset from the solar rotation axis
Q. The field-line located at p connects to the solar heliographic
pole. The arrows on the surface are the trajectories of the field-
lines which penetrate through the surface, and are described in
the text.
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have to be closed. There is an additional constraint on
these trajectories: Polarities close to the Sun are strictly
separated by the heliospheric current sheet and therefore
u; = 0 through the current sheet. Because of this effect,
the low latitude corona is intimately linked to high lat-
itudes, where u, is determined by the super-expansion
of high-latitude field-lines, and their differential rotation
(8). At low latitudes, the transport mechanism must be
qualitatively different from the situation at high latitudes,
and the typical magnetic field topology is no longer open;
reconnection has to occur. Failure to perform this recon-
nection would yield a very unnatural and insupportable
bend in the field-line. The top end of the field-line must
move to avoid magnetic pressure buildup. The bottom
end must find a way to follow. As the field-line traverses
back to the other side of the Sun at low latitudes, it pre-
sumably does so through a series of reconnections, which
are illustrated schematically in the insert in Figure 1.

We will now discuss the implications of this magnetic
field model for the large scale heliosphere, in particular
at high latitude, and, for the nature of the solar wind. Fi-
nally, we will compare the effects of the differential ro-
tation with other effects leading to considerable random
latitude transport of magnetic field-lines.

HIGH LATITUDE HELIOSPHERE

In Figure 1, the magnetic field configuration at high
latitudes is shown in its simplest form as would be ex-
pected close to activity minimum: The differential rota-
tion at high latitude is mapped into closed curves about an
axis p, the expanded magnetic field-line rooted in the he-
liographic pole of the photosphere. In this approximation,
the magnetic field in the heliosphere is determined by two
rotations (for details, see (2), and (8)). The first motion
is given by the equatorial rotation period , equivalent to
the Parker model. The Fisk model includes a second mo-
tion associated with the differential rotation of the pho-
tosphere on a time-scale of Tgig = 271t/ (2 — Qpole) ~ 100
days.

In spite of the simplicity of the foot-point motions at
high latitudes, visualizing the three-dimensional geome-
try resulting from this model turns out to be rather chal-
lenging. We have attempted to visualize this in a set of
movies which can be found on the CD-ROM accompa-
nying these proceedings (refer to readme.note in the ap-
propriate directory) or also on the world wide web on
http://solar-heliospheric.engin.umich.edu. We have pro-
vided comparisons of field-lines without footpoint mo-
tion “Parker” and field-lines including footpoint motion
“Fisk”. For the simulations of the Fisk field we use the
magnetic field model described in detail by Zurbuchen (8)
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FIGURE 2. High latitude field connections in the outer helio-
sphere. The question whether a field-line connects to a CIR
is determined by the trajectory of its footpoint on the surface
of constant pressure and the three-dimensional geometry of the
CIR which is assumed to be conical in this case. Field-lines
from locations close to p do not connect even though there lat-
itude is not constant. Lower latitude field-lines do penetrate the
CIR surface and can be loaded with low rigidity particles.

with a differential rotation time of T4;¢ = 100 days and an
offset angle between p and Q of 30°. The solar wind
velocity is assumed to be radial with a constant mag-
nitude of 800 km/sec. In order to discuss high-latitude
connections we have assumed a conical CIR surface of
a latitude of 30°. Realistically, this surface is of much
more complicated geometry (9) but remains stationary in
the frame co-rotating with the Sun. For each simulation
we show a three-dimensional plot of the field-line and a
radius-latitude plot of each point along the field-line. In
the case of a Parker field-line we expect a straight line,
since the latitude along the field-line does not change. We
have used a field-line color scheme for the heliocentric
distance; whenever the magnetic field-line is below the
conical CIR surface, it has a red color.

We start out with field-lines in the frame co-rotating
with the equatorial rotation speed of the Sun Q. At
the simulation time ¢ = O the plasma leaving the Sun
from one particular foot-point is marked with color.
parker_cr_high.gif shows the time-history of the field-line
in the 3D-heliosphere and a latitude-radius plot along the
field-line. The latitude of the field-line is identically con-
stant, as expected, and the slow solar wind blows the field
out along the Parker spiral. For Fisk field-lines there are
two different classes of high latitude field-lines as shown
in Figure 2. The first one, shown in fisk_cr_high.gif is
similar to the Parker field-line. It originates close to
p and even though it undergoes latitude variations, it
does not connect with the CIR. Field-lines as shown in



fisk_cr ow.gif allow for high-latitude connections to the
CIR. Every single point of the Fisk field-lines is blown
outwards by the solar wind as seen when concentrating
on the first colored point of the field-lines. However, the
shape of the field-line is changed by the additional slow
rotation about p including motions in the 6 and ¢ direc-
tion. The former leads to high-latitude connections, the
latter to under-and over-winding of the magnetic field.

In the inertial frame, the solar wind velocity is radial
and the magnetic foot-points rotate about the Sun. This is
shown for the Parker case in parker_is_high.gif. For the
two cases of Fisk field-lines it is given by fisk_is_high.gif
and fisk_is_low.gif. Notice two relevant aspects: First of
all, the typical connection distance of field-lines from
high-latitude to the CIR is of the order 10-20 AU. Sec-
ondly, there is a new class of field-lines in the outer he-
liosphere which are connected twice to the CIR forming
huge arcs which connect back to the CIR on both sides.

This magnetic field configuration has important con-
sequences for energetic particles in the outer heliosphere.
Low energy particles propagating along the high latitude
magnetic field will show the most significant effects as
discussed by Fisk (1996) (2). As a first priority this field
configuration should be included in a more realistic he-
liosphere model for example by Pizzo (9). There must
be clear observational indications of this configuration,
perhaps the arc-like structures discussed above for other
particle populations observed for example on Voyager.
Even though the drift pattern for very high energy parti-
cles does not change qualitatively, the field configuration
should show quantitative effects.

THE NATURE OF THE SOLAR WIND

The global transport of the solar magnetic field on the
surface of the Sun has important implications for the na-
ture of the slow solar wind. We have stated before that
the transport at high latitude is of different nature than the
low-latitude transport where the coronal magnetic field is
of typically closed topology and reconnection must oc-
cur. Remember, that this model for the corona, in which
there are clear distinctions between the continuously open
field-lines from the polar coronal hole, and randomly
open field-lines at low latitude is not new but was pro-
posed by Axford in (1977) (10). We should expect in
these models, as is observed, that the slow wind is much
more variable than the fast wind.

A direct consequence of this field configuration is an
expected over- and under-winding of magnetic field at
low latitude. As indicated in Figure 1, the magnetic flux
has to return through the band of slow solar wind to the
other side of the Sun. This return flux should result in
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FIGURE 3. Predicted over- and under-winding at low lati-
tudes. The low latitude magnetic field is predicted to show over-
winding and under-winding depending on Carrington longitude
and magnetic polarity.

over- or under-winding depending on Carrington longi-
tude and magnetic polarity.

Recall that the slow wind is enhanced according
the the first ionization potential (FIP) of the elements,
whereas the fast wind is much less fractionated (11). This
has been previously interpreted as a direct sign of a qual-
itative difference in fast and slow solar wind, consistent
with the theory described here. It is possible, as done by
Zurbuchen (12) and Schwadron (13), to construct a FIP
enhancement mechanism which takes advantage of the
fact that in this model the material which forms the slow
solar wind started as material which was stored on closed
loops.

Using high-resolution plasma and composition mea-
surements such as the ion composition spectrometer
SWICS on ACE we can also directly probe the transition
between different wind streams as previously done with
plasma data (14). It should be possible using composition
data to check one relevant feature of this magnetic field
theory, namely, whether there are indeed magnetic con-
nections from fast to slow solar wind. This can be done
best in the trailing edge of fast solar wind streams, which
is dynamically spread out in time when observed on a
spacecraft. If there are no magnetic connections from be-
tween fast and slow wind regions on the Sun, the tran-
sition would be expected to be step-like since mixing is
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FIGURE 4. A transition from fast to slow wind from high time-
resolution SWICS-ACE data. The Fe/O ratio is given in hourly
averages, the freeze-in temperature T76 on a time-resolution of
about 10 minutes. Ty is calculated from the ratio of the den-
sities of O’* and O%*. Also plotted is the Helium speed. The
error-bars denote typical statistical uncertainties.

expected to be only effective along the magnetic field and
very much suppressed in the perpendicular direction.

A first attempt has been undertaken by Zurbuchen
(15), where the gradual transition of the composition in
the trailing edge of a fast solar wind stream was inter-
preted as caused by a direct magnetic connection. Such
a connection would enable mixing along field-lines re-
sulting in a rather steady transition from “fast” to “slow”
solar wind composition. Figure 4 shows an example of
such a transition from fast to slow solar wind measured
by SWICS-ACE (16). The elemental ratio of Fe/O and
the Oxygen freeze-in temperature T4 are plotted during
a five day transition from fast to slow solar wind. Clearly,
a relatively steady transition from fast to slow solar wind
composition is observed in elemental and charge compo-
sition. This measurement in Figure 4 is consistent with
the existence of magnetic connections between fast and
slow wind which would naturally lead to a steady transi-
tions between “slow” and “fast” solar wind composition
(15). However, this results needs to be critically exam-
ined and also put into the context of theoretical expansion
profiles of the slow solar wind.

Using the same composition technique, it should be
possible to analyze the “building blocks” of the slow solar
wind by analyzing their compositional pattern and com-
paring them with solar remote sensing data (see discus-
sion by Fisk (17)).
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RANDOM TRANSPORT OF MAGNETIC
FIELD

It has been argued that the observation of low energy
particles at high latitude could result from a relatively
large perpendicular diffusion of particles to high latitude
(18). This diffusion could be caused by random mag-
netic reconnections in the photosphere or the low corona,
leading to a braiding and twisting of field-lines on small
spatial scales compared to a particle gyro-radius. This
would allow particles to jump from field-line to field-line,
therefore leading to a significant perpendicular diffusion,
possibly larger than the effects from differential rotation
of any one field-line. It has indeed been observed that the
magnetic flux in the solar magnetic network reconfigures
on a characteristic time-scale of T ~ 1-2 days (19). The
characteristic scale size for the organization of magnetic
field in the photosphere is the size of supergranules, or
A ~ 30,000 km (19). The relatively random character of
this reconnection process then results in a diffusion coef-
ficient x = A?/1.

It is now possible to compare the time-scales associ-
ated with this diffusive transport with the effective con-
vective transport given by the differential rotation. The
convection velocity on the solar surface is v. = - R;,
where R; is a solar radius and @ = Q — Qpqge.

The time to cross a coronal hole of the size Ay, ~ 1 R
is about Teon = Ach /v, using convection. When using the
diffusive transport, it takes a typical time of Tgir = A%, /X.
With the given numbers the ratio of those time-scales is

(1)

This indicates that the effects of the differential rotation
have to be clearly dominant over the effects of perpendic-
ular diffusion caused by the magnetic reconnection de-
scribed above.

A qualitatively very different perpendicular diffusion
could result from the dynamical interaction of the solar
wind in its dynamic and turbulent evolution (see, e.g. re-
view articles by Goldstein et al. (20), and Tu and Marsch
(21)). The turbulent mixing of a structure with the scale
A happens on a time-scale of Tub = A2/(Ax?/At), where
Ax? /At stands for the diffusion coefficient of field-lines.
This diffusion coefficient can be constrained by ACE-
SWICS measurements with very high time-resolution
(for instrumental details, see Gloeckler (16)). We deter-
mine the O’+/0%* ratio during a time-period where the
solar wind is essentially constant. As discussed previ-
ously, the low-speed solar wind has highly variable com-
position, which has clear variations down to 30 minutes.
A very strong perpendicular diffusion coefficient would
tend to smear out those gradients. The observation shows
that Ty, < r/V, where r = 1 AU and V stands for the so-
lar wind speed. This can be translated as a perpendicular

Tdiff/ Teon ~ 10.
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FIGURE S. Solar composition measurements in low-speed so-
lar wind. Even though the speed is more or less constant, the
O7+/0%* ratio has strong gradients on a measurement time-
scale of 30 minutes which are preserved from the low corona
to 1 AU.

diffusion coefficient x| for a particle of velocity v. Using
A ~ Qr-0.5 hrs, the limit on the turbulent diffusion tums
out to be

¥, < v(3-10%cm). 2)

Using a lower limit on the mean free path of 0.01 AU,
K1/ < 0.002. This is very small compared to values
used before (18). This remains to be carefully investi-
gated. It is conceivable that the composition boundaries
are identical with tangential discontinuities which could
be barriers to the turbulent evolution of the solar wind
plasma. However, sharp transitions in the composition
are very common and their number increases when going
to increasingly better time-resolution (22). Even if the
small diffusion coefficient only occur locally at disconti-
nuities, there is a severe effect when averaging over large
volumes in the heliosphere.

DISCUSSION

The inclusion of the differential rotation into the calcu-
lation of the expanding heliospheric magnetic field leads
to interesting consequences in solar and heliospheric
physics. There is already evidence for the existence for
some of the predicted effects resulting from these conse-
quences. However, more direct tests, some of which have
been mentioned here, are possible and crucial.

Differential rotation effects make the solar magnetic
field intrinsically time-dependent. Models with simplify-
ing assumptions such as B = V® will not be able to deal
with this properly.

Additionally, the expansion of the solar magnetic field
makes the large scale properties of the corona and coro-
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nal effects intrinsically three-dimensional. So far, simple
analytic models have been used for these calculations.
These models are highly constrained - for example, the
dipole moment of the solar magnetic field is often not
the dominant factor. However, the application of these
theoretical concepts to more realistic solar magnetic field
configurations is possible using modern numerical tools
(23), (24).
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