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Chapter 13

THE MAGNETIC FIELD
FROM THE SOLAR INTERIOR
TO THE HELIOSPHERE

Sami K. Solanki

Maaz-Planck-Institut fiir Sonnensystemforschung”,
37191 Katlenburg-Lindau, Germany
solanki@linmpi.mpg.de

Abstract

Keywords:

The Sun’s magnetic field permeates all solar layers from the bottom of
the convection zone out to the edge of the heliosphere. Through its con-
tinuous interaction with the Sun’s flow field, the magnetic field evolves,
but also influences these flows. In the solar atmosphere the field also
affects the thermal state of the gas, producing such diverse phenomena
as dark sunspots in the photosphere, plages in the chromosphere and
transition region and x-ray loops in the corona, in addition to a rich
collection of dynamic and explosive phenomena. Here a brief overview
is given of the magnetic field as it threads it way through all these lay-
ers. Emphasis is placed on considering the magnetic field in relation
to other quantities from one layer to the other. Results of recent in-
vestigations are employed to illustrate the magnetic structure and the
processes described here.

The Sun: magnetic field - convection zone - photosphere - chromosphere
- corona - heliosphere

1. Introduction

The Sun’s magnetic field threads its way from the bottom of the con-
vection zone to the edge of the heliosphere. On the way it causes and
controls a great variety of phenomena while in turn being plied and

*Previously known as Max-Planck-Institut fiir Aeronomie
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37TATHE SUN AND THE HELIOSPHERE AS AN INTEGRATED SYSTEM

stretched by such processes as convection, differential rotation and the
solar wind.

Due to this interaction and the central role played by the magnetic
field this review perforce touches upon a large chunk of solar and helio-
spheric physics. Limited space (to say nothing of the author’s laziness)
prevents an in-depth coverage of these topics. Instead I’ll briefly touch
upon a few aspects and refer to other publications for more details. This
overview is structured geometrically, moving from deeper or lower solar
layers to outer or higher ones. This has a certain logic to it, since the
magnetic field is generated in the solar interior, from where it rises to
the solar surface and thence spreads into the Sun’s atmosphere. There a
fraction of the field lines is pulled out into the heliosphere and ‘opened’
by the solar wind, i.e. stretched until they reach the local interstellar
medium.

In almost all cases, it is the lower layers which affect the higher layers.
For example, the magnetic field in the photosphere determines to a large
extent the magnetic structure of the corona. Consequently, it makes
sense to discuss the lower layers first.

2. Solar Interior

The generally accepted idea is that a dynamo located at the base of the
convection zone is responsible for the magnetic flux appearing at the so-
lar surface in, e.g., active regions (Schmidt 1993; Ossendrijver 2003). In
theoretical studies the dynamo is generally placed in the overshoot layer
below the convection zone for stability reasons: it is extremely difficult
to store sufficiently large amounts of magnetic flux inside the convection
zone without this field becoming unstable to buoyancy (Parker 1975;
Schiissler 1979), although Nordlund et al. (1992) have argued that con-
vection, in particular rapid downflows, can pump magnetic flux down-
wards and store significant amounts of flux in the lower convection zone.

The evidence that the dynamo is located near the convection zone’s
base is strengthened by recent determinations of the Sun’s internal rota-
tion. Such studies, based upon data obtained by the Michelson Doppler
Interferometer (MDI; Scherrer et al. 1995) and the Global Oscillations
Network (GONG); Harvey et al. 1996), have revealed a strong shear
layer between the differentially rotating convection zone and the solidly
rotating radiative core (Schou et al. 1992, 1998; Tomczyk et al. 1995;
Thompson et al. 2003). The differential rotation deduced from MDI data
is plotted in Fig. 1. While the nature, the origin and the location of the
helical motions that regenerate the magnetic field are still controversially
discussed (Schmitt 1987, 2003; Brandenburg and Schmitt 1998; Dikpati
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and Gilman 2001; Parker 1993; Durney 1995), there is increasing sup-
port for the idea that the meridional circulation might play an important
role in transporting/redistributing the general magnetic flux (Choudhuri
et al. 1995; Durney 1995, 1996, 1997; Dikpati and Charbonneau 1999;
Nandy and Choudhuri 2001; Kiiker et al. 2001; Hathaway et al. 2003).
There has also been considerable progress in determining the structure
and properties of the meridional circulation, seen as a poleward flow of
gas at the solar surface (Hathaway 1996; Duvall and Gizon 2000).

The advantage of storing the field in the overshoot layer is that field
strengths much stronger than those in equipartition with the kinetic
energy of the convection can be built up and stored before the field suc-
cumbs to the Parker instability (Ferriz-Mas and Schiissler 1993, 1995).

Such super-equipartion fields are required in order to reproduce vari-
ous properties of active regions including the correct emergence latitudes,
the tilts relative to the East-West direction of the axes connecting the
opposite polarities (Joy’s law) (Fan et al. 1993, 1994; D’Silva and Choud-
huri 1993; Schiissler et al. 1994; Caligarie et al. 1995, 1998).

Not all the magnetic flux that leaves the overshoot layer in the di-
rection of the surface manages to reach it. If the field is too weak it is
susceptible to the influences of the convective flows. These can brake
the rise of the field and can distort the flux tube (Schiissler 1979). In
extreme cases this can even lead to the ‘explosion’ and destruction of
magnetic flux tubes (Rempel and Schiissler 2001).

3. Solar Surface

After the magnetic flux has survived the dangers of a passage through
the convection zone, it appears at the solar surface as a bipolar mag-
netic region. At this stage the magnetic field becomes accessible to di-
rect observation. For example, magnetograms mapping the line-of-sight
component of the field or the full magnetic vector can be recorded (an
example of a full-disk line-of-sight magnetogram is shown in Fig. 2). A
greater amount of information can be obtained from spectropolarimetric
observations, which allow more reliable determinations of the magnetic
vector (Lites et al. 1994; cf. Landi Degl’Innocenti 1992) and also en-
able the depth dependence of important atmospheric parameters to be
determined (e.g. Solanki 1986; Keller et al. 1990; Ruiz Cobo and Del
Toro Iniesta 1992; Frutiger et al. 1990; Westendorp Plaza 1997; Socas
Navarro et al. 1999).

The largest and most striking bipolar regions are the active regions
appearing in the activity belts. These only form the large-scale end
of a broad distribution of sizes of bipolar regions of freshly emerged
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Figure 13.1. Cutaway through the Sun showing rotation frequency (colour coded
and iso-frequency contours). The vertical axis is the polar axis, the horizontal axis
corresponds to the solar equator, the outer circle (solid) represents the solar surface,
the inner circle the bottom of the solar convection zone. The iso-frequency contours
running along the convection zone boundary indicate the shear layer (from Thompson
et al. 2003, by permission).

flux. Much more common than the active regions are the ephemeral
active regions and although each of these individually carries orders of
magnitude less flux than an active region, their larger number means that
the flux emergence rate in ephemeral regions (2—4 x 1026Mx/yr) is orders
of magnitude larger than in active regions (3 x 1023 — 3 x 10**Mx/yr)
(Harvey 1993). This is compensated somewhat by the fact that the
lifetime of the flux emerging in the ephemeral regions is 1-2 orders of
magnitude shorter (tens of hours; Harvey 1993; Schrijver et al. 1998;
Hagenaar et al. 2003) than of active regions (on the order of months).
At the solar surface the magnetic field is filamented into concentra-
tions having sizes ranging from tens of thousands of km (sunspots; for
an overview see Thomas and Weiss 1992; Schmieder et al. 1997; Solanki
2003) to below the spatial resolution (magnetic elements; reviewed by
Solanki 1993; Stenflo 1994). Although the magnetic field strength aver-
aged over the solar surface is a few tens of Gauss and can vary by large
amounts between the quiet Sun and active regions, individual magnetic
concentrations often have kG intrinsic field strengths (Hale 1908; Stenflo
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Figure 13.2. Full-disk magnetogram recorded by the Michelson Doppler Interferom-
eter (MDI). Grey areas exhibit little net line-of-sight field, while white and black
correspond to opposite polarities. The plotted magnetogram was obtained after inte-
grating over 56 single magnetograms (after compensating for solar rotation) in order
to reduce the noise and reveal weaker magnetic features.

1973; Rabin 1992; Riiedi et al. 1992; Solanki 1993). These magnetic con-
centrations, many of whose global features can be described by simple
flux-tube models (e.g. Defouw 1976; Spruit 1976; Deinzer et al. 1984a,
b; Jahn and Schmidt 1994; Zayer et al. 1989; Steiner et al. 1986), on
closer inspection reveal a highly complex and dynamic (internal) struc-
ture. For sunspots this has been deduced directly from observations
(e.g., Scharmer et al. 2002; see Sobotka 1997; Solanki 2003 for a review).
For the unresolved magnetic elements time series at the highest spatial
resolution only give a flavour of the complex internal structure and dy-
namics (Keller 1992; Berger et al. 1998; Muller et al. 1994). For a more
detailed view we have to take recourse to simulations (e.g. Steiner et al.
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1998; Gadun et al. 2001; Vogler and Schiissler 2002; Bercik et al. 2003;
Vogler 2003).

The latest 3-D simulations of Vogler and co-workers have now reached
a level of realism at which they can reproduce sensitive observations
with high precision. For example, synthetic G-band images (a spectral
region around 430 nm harbouring many CH lines) match the statistical
properties and contrasts of observed images after the former have been
spatially degraded to the same spatial resolution as the observational
data (Schissler et at. 2003; Shelyag et al. 2004). The comparison is
shown in Fig. 3. A detailed analysis reveals that although the tempera-
ture at a given height in small magnetic flux concentrations is lower than
in the surroundings, they appear brighter (since we observe deeper, hot-
ter layers due to evacuation). Also, it is noticeable that the narrowest
magnetic flux sheets are considerably narrower than the intergranular
lanes in which they are located (this is visible in both, brightness and
velocity maps - the latter not shown in Fig. 3). Thus, almost static gas
is co-located with the intense magnetic field, which is bordered on both
sides by strong downflows. All these properties are representative of the
traditional flux-tube (or flux-sheet; Deinzer et al. 1984a, b) model of
magnetic flux concentrations. Other properties predicted by models of
thin flux sheets are also seen. These include horizontal pressure equilib-
rium, the presence of heat influx through the walls and a rapid expansion
of the field with height. In addition, the simulations show new features,
e.g., in connection with the evolution of magnetic features.

For the largest magnetic structures in the solar photosphere, sunspots,
the situation is in some ways reversed. Sunspots are well resolved by
observations, which reveal a wealth of detail at all spatial scales. Even
the smallest observable scales are important for at least some of the
global properties of the sunspot. For example, the complex fine-scale
structure of the magnetic and velocity fields in the penumbra (Schmidt
et al. 1992; Title et al. 1993; Solanki and Montavon 1993; Westendorp
Plaza et al. 1997; Bellot Rubio et al. 2003; Solanki and Riiedi 2003) is
responsible for the brightness of the penumbra as a whole (Jahn and
Schmidt 1994; Schlichenmaier and Solanki 2003). This makes the self-
consistent modelling of sunspots extremely difficult, since a very large
range of spatial and temporal scales must be considered simultaneously.

The magnetic field concentrated into sunspots, faculae and the net-
work is also responsible for causing changes in solar irradiance varia-
tions. This has been shown convincingly for cycle 23 by Krivova et al.
(2003), who employed spectra computed using atmospheric models of
these magnetic structures (Unruh et al. 1999) applied to MDI magne-
tograms in order to reproduce VIRGO (Variability of IRradiance and
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Figure 13.8. Simulated and observed images of the G-band contrast (local G-band
brightness divided by spatial average: I,/(I,)) and magnetic structure at the solar
surface. Upper left: Synthetic filter image of the simulation area (6000 x 6000 km?)
in the G-band spectral region around 430 nm. The extended bright regions are con-
vective upwellings (granules) surrounded by a network of dark downflow lanes. The
small brilliant patches in the dark areas coincide with magnetic flux concentrations.
Upper right: Gray shading of the magnetic field strength (in units of Gauss) at the
same time step as the G-band contrast image. About two-thirds of the vertical mag-
netic flux penetrating the simulation box has been assembled into flux concentrations
with a field strength above 1000 G (100 mT). Lower left: G-band image after spatial
smoothing mimicking the diffraction by a telescope of 1m aperture and the image
degradation by the Earth’s atmosphere. Lower right: Observed G-band image of the
same size as the simulated image with about the same area fraction of G-band bright
points as in the simulation (subfield of an image that was taken with the SST on La
Palma, courtesy of the Royal Swedish Academy of Sciences). Figure from Schiissler
et al. (2003).

Gravity Oscillations; Frohlich et al. 1995) total and spectral irradiance
measurements. They found that on time scales up to the solar cycle, sur-
face magnetic features explain over 90% of the measured total irradiance
variations. This conclusion has recently been supported by work done by
Livingston and Wallace (2003); Walton et al. (2003) and Woodard and
Libbrecht (2003). In particular, the latter authors argue that the con-
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clusion reached earlier by Kuhn et al. (1988) that non-magnetic changes
are the main cause of irradiance variations over the solar cycle is not
tenable.

4. Chromosphere and Corona

The character of the magnetic field changes with height in the atmo-
sphere. The dominating magnetic structures in the photosphere are
best described by the flux-tube (or flux sheet) model. This still holds in
the lower chromosphere, but the field fans out ever more rapidly with
height, finally forming a magnetic canopy, i.e. a layer of almost horizon-
tal field overlying a nearly field-free atmosphere (Giovanelli and Jones
1982; Jones and Giovanelli 1983; Solanki and Steiner 1990). Although it
is agreed that the field from different photospheric sources must merge
at some height, there is some controversy about the exact value of this
height. The situation is also made more complicated by the fact that
many of the field lines connect to nearby regions of opposite magnetic
polarity, forming low-lying magnetic loops. In any case, in the upper
chromosphere the magnetic field is more homogeneous than in the pho-
tosphere below. This is clearly borne out by magnetic maps and scans
made in He I 10830 A (Harvey and Hall 1971; Riiedi et al. 1995; Solanki
et al. 2003). By the height at which the He I 10830 A line is formed,
near the top of the chromosphere in standard, plane parallel and time
independent atmospheric models (Avrett et al. 1994, cf. Fontenla et al.
1993), the magnetic energy density dominates over the thermal energy
density almost everywhere. Above that height the structure of the field
depends on the distribution in the photosphere of the magnetic flux and
of the magnetic field direction (in particular the polarity). In bipolar
regions (e.g. active regions) and in mixed polarity regions the domi-
nant structure in the overlying corona is the magnetic loop. If a single
magnetic polarity dominates over a sufficiently large area then a large
fraction of the field lines are open, i.e. stretched out into the heliosphere
by the solar wind. Figure 4 illustrates the general components of the
magnetic structure in the solar atmosphere (adapted from Zwaan and
Cram 1989). Note that at any given time only a very small fraction (of
the order of a few percent) of the Sun’s total magnetic flux is in the form
of open field, so that the heliospheric field is not necessarily representa-
tive of the Sun’s total flux. In other words, almost all of the magnetic
field lines leaving the Sun’s surface, turn around within a few solar radii
and return to the solar interior.

Open and closed magnetic flux manifests itself very differently in its
respective radiative properties. Almost all of the EUV and X-ray radia-
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Figure 13.4. Tlustration of concepts of the magnetic structure in stellar atmospheres,
showing the field rooted in strong flux bundles in the convective zone. The flux-tube
domain of discrete flux bundles, separated by nearly field-free plasma, extends upward
through the photosphere and into the low chromosphere. In the upper chromosphere
the flux tubes merge, creating the magnetic canopy. The magnetosphere, defined as
the domain above the merging level, is pervaded by magnetic field. The stellar wind
flows along the magnetic field wherever it is (temporarily) open to interstellar space.
The inset illustrates that the magnetic field in the photosphere in concentrated in
many small fibrils which compose each of the larger elements (e.g. network elements)
plotted in the main figure (figure adapted from Zwaan and Cram, 1989).

tion emitted by the Sun comes from closed field lines. I.e., almost all the
radiation seen by the SXT instrument on YOHKOH (Acton et al. 1992)
and by the channels sampling radiation at above 5 x 10° K in EIT (De-
laboudiniére et al. 1995) on SOHO (as well as on TRACE; Handy et al.
1999) comes from closed field regions. A significant fraction of the radi-
ation recorded by the LASCO C2 and C3 coronagraphs (Briickner et al.
1995), however, is emitted by gas located between open field lines. This
is mainly due to the relatively large distance to the solar surface sam-
pled by these instruments, since the ratio of open to closed flux increases
rapidly with distance from the solar surface. The ‘permanently’ open
field lines, i.e. those remaining open on time scales of multiple weeks or
longer, are generally associated with the fast solar wind. In contrast, the
slow solar wind is often associated with transiently open magnetic field.
The most powerful events during which the field lines open, allowing
matter to escape into the heliosphere, are the Coronal Mass Ejections
(reviewed e.g., by Webb 2000; Crooker 2000; Gopalswamy et al. 2003).
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These different manifestations of closed and open fields are due to a
fundamental difference in the way the energy flux input from the solar
photosphere (in the form of either wave energy or excess energy in the
magnetic field, stored in the form of magnetic tension) is converted into
other forms of energy. In a closed field region (i.e. in magnetic loops)
no gas can escape across the field lines, so that most of the energy
flowing from below is converted into heat and conducted downwards
along the field lines, irrespective of the exact mechanism by which the
energy is transported and released (wave dissipation, ohmic dissipation
of magnetic energy at current sheets or magnetic reconnection; e.g.,
Narain and Ulmschneider 1996). This hot and dense gas radiates very
efficiently.

In open field regions the energy propagating from below is mainly
spent accelerating the gas, which then escapes along the field lines in
the form of the solar wind. Only a small fraction (estimated to be on
the order of 10%) is conducted back down again and radiated away,
leading to the fact that coronal holes are much less bright than the quiet
Sun (Gabriel 1976).

This simple picture does not explain the fact that at temperatures
below approximately 5 x 10° K (e.g. Stucki et al. 2002) coronal holes are
equally bright as parts of the quiet Sun containing mainly closed field
lines. One proposed solution has been to suggest that many smaller and
less hot (transition region) loops are present in both types of regions
(Dowdy et al. 1986; Feldman et al. 2000; Feldman 2002; cf. Peter 2002).

The physics of the heating and acceleration processes is complex and,
finally, not completely understood. An overview of coronal heating pro-
cesses is given by Narain and Ulmschneider (1996).

One of the main barriers to progress in this field has been the paucity
and limitations of observations of the magnetic field in layers above
the solar photosphere. Gyroresonance observations at radio wavelengths
have been a major source of our knowledge of the coronal field and have
revealed many examples of active regions whose magnetic field is strongly
non-potential in the corona (see White 2002 for a review). However, such
data (currently) do not have the spatio-temporal resolution needed to re-
solve the important fine structure. Thus, the structure of magnetic loops
has often been derived from either proxy measurements (i.e. brightness
structure; Schrijver et al. 1999; Brkovic et al. 2002; Winebarger et al.
2003) or from extrapolations starting from measured photospheric fields
(e.g. Lee et al. 1999; Regnier 2002).

Recently, it became possible to deduce the magnetic vector along a
set of loops in an emerging flux region. The resulting structure is plot-
ted in Fig. 5 taken from Solanki et al. (2003), cf. Lagg et al. (2003).
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At the apex of the highest reconstructed loop, estimated to be roughly
12000-15000 km above the solar surface, the field strength has dropped
to roughly 50 G, which is consistent with previous determinations (e.g.
from radio observations) of the field strength in coronal loops. These
loops are visible in He T 10830 A because the field along with the gas
trapped within it emerged from the solar interior only a short time prior
to the observations. Consequently, there had been no time to heat the
gas to coronal temperatures. Interestingly, a comparison with extrap-
olations of field lines starting from the photosphere indicate that the
magnetic field was already quite strongly non-potential shortly after
emergence. A potential field extrapolation results in a very poor cor-
respondence with the observations, while a constant-a force-free field
reproduces the observations already much better (Wiegelmann et al. in
preparation). Consequently, significant currents were already present
shortly after emergence and must have been built up in the solar in-
terior during the passage of the emerged loop through the convection
zone.

Currents are continually fed and supported also later in the life of an
active region. It was proposed by Parker (1983, 1988) that the photo-
spheric footpoints of magnetic field lines are continuously shuffled around
by convective motions. He argued that these motions lead to the forma-
tion of tangential discontinuities or electric current sheets in the corona
where energy is dissipated. Strong support for this mechanism as a ma-
jor heating process in the corona is provided by the work of Gudiksen and
Nordlund (2002). Taking a photospheric magnetogram and the potential
field extrapolated from it as a starting point, they randomly moved the
photospheric magnetic features around with a velocity field exhibiting
roughly the horizontal convective velocity spectrum. They then com-
puted the temporal evolution of the resulting coronal magnetic struc-
ture, finding that current sheets are continuously being formed, where
magnetic energy is dissipated, heating the coronal gas to over a million
degrees, with a considerable distribution of temperatures. Interestingly,
the picture they obtain for the gas in a limited temperature range (il-
lustrative of the 171 A channel of TRACE, the Transition Region and
Coronal Explorer (Handy et al. 1999)), is much more intermittent and
filamented than the magnetic field, in good agreement with the images
returned by TRACE in this channel (Schrijver at al. 1999).

Further support for a heating mechanism involving Ohmic dissipation
or reconnection at a current sheet comes from the detection of a current
sheet using He I 10830 A spectropolarimetry. This is the first direct
detection of an electric current sheet in a layer of the solar atmosphere
relevant for coronal and chromospheric heating. The difficulty in mea-
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Figure 13.5. Reconstructed magnetic loops in an emerging flux region. The map
of the He I 10830 A lines equivalent width at the bottom is overlaid by a magnetic
polarity and connectivity map over which examples of reconstructed loops are plotted.
The derived azimuth and inclination angles of the magnetic field in each of the map’s
pixels are used to trace magnetic field lines. Heavy black lines are projections onto a
fixed height of loops that could be successfully reconstructed. These loops trace the
equivalent width pattern (shown at the bottom of the plot). Some representative loop
field lines are also plotted and for one of the plotted loops they are projected onto
the xz- and yz-planes. The color-coding of the loop projections represents the line-
of-sight (i.e. basically vertical) velocity (yz-plane) and the magnetic field strength
(xz-plane). The loops are rooted in areas with downflowing material, while in the
apex upflowing material is observed. This observation, combined with the frozen-in
horizontal magnetic field implies that the whole loop is rising. The magnetic field
strength decreases with height in both legs from about 390 and 500 Gauss at the
two chromospheric footpoints to below 50 Gauss at the apex. Magnetic field vectors
at the footpoints of the field lines are shown to visualize the overall magnetic field
geometry and strength. Field lines out of (into) the plane parallel to the solar surface
are coded in red and orange (blue and green), with orange and green marking field
lines for which both footpoints lie within the observed area and emission is seen from
the whole length of the loop (see Solanki et al. 2003).

suring such a current sheet lies in the necessity to map the full magnetic
vector at chromospheric or coronal heights. Over a distance correspond-
ing to the spatial resolution element of the observations the magnetic
vector changes sign within a region of emerging flux in a young active
region. This feature is illustrated in Fig. 6, where the current sheet is
the narrow valley in the field strength. At the height at which the He I
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Figure 13.6. Representation of an electric current sheet near the base of the corona.
The elevation of the meshed surface is proportional to the magnetic field strength in
the upper chromosphere, as derived from the He I 1083 nm line. A narrow valley
of low magnetic field values separates two areas of opposite magnetic polarity, so
that an electric current flows along this boundary parallel to the Solar surface. The
color-coding in the figure indicates the current density of this current sheet calculated
using Ampére’s Law. The maximum value of approximately 90 mA / m? in the region
of the largest magnetic field gradient perpendicular to the current sheet represents
only a lower limit of the actual current flowing in this chromospheric current sheet.
The width of the valley in the magnetic field strength corresponds to the spatial
resolution of 1 Mm, limited by turbulence in the Earth’s atmosphere, so that the
horizontal gradient of the magnetic field is underestimated (see Solanki et al. 2003).

10830 A line is formed the field is far more homogeneous in strength than
in the photosphere with a magnetic filling factor very close to unity (see
description given earlier in this section; cf. Harvey and Hall 1971; Riiedi
et al. 1995; Penn and Kuhn 1995). Therefore the gradient between the
opposite magnetic polarities is expected to be significantly larger than
deduced from the observations (since horizontal gradients are reduced
by seeing). Hence the obtained current density, up to 90 mA/m? is
probably a lower limit. Unfortunately, neither TRACE, EIT, YOHKOH
nor BBSO Ha images or movies were available for the day, of these ob-
servations, so that it cannot be checked whether this current sheet was
responsible for any flare-like episodes.
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5. The Heliosphere

The heliospheric magnetic field is characterized by the fact that higher
order multipoles, needed to describe the field at the solar surface, have
decayed away beyond a distance of a few solar radii, so that the dipole
component dominates the structure. In addition, beyond the Alfvén
radius the energy density of the gas (in particular the kinetic energy
density of the solar wind) is far larger than the magnetic energy density
(e.g. Weber and Davis 1967). Thus the situation there is reversed relative
to the corona. Consequently, the magnetic field is more or less passively
dragged along by the solar wind. Logically, only open field lines are
present in the heliosphere, if we exclude the magnetic field associated
with CMEs and other transient events, which may for some time still
be anchored in the photosphere. Due to the combination of the Sun’s
rotation and the outward motion of the gas the magnetic field follows a
spiral pattern (see below).

In recent years very significant progress regarding our knowledge of
heliospheric fields has come from the Ulysses spacecraft, which allowed
the first measurement of the field outside the ecliptic. The magnetic
field strength and solar wind speed during the first Ulysses orbit, car-
ried out under quiet-Sun conditions, is plotted vs. time in Fig. 7, with
the heliographic latitude indicated in the top frame (from Balogh and
Forsyth 1998). Clearly, at high northern and southern latitudes the field
is homogeneous in strength. Although not plotted here, the direction
of the magnetic field is also homogeneous at high latitudes, with the
azimuth being opposite in both hemispheres, corresponding to opposite
magnetic polarities. Note that the gradual increase of the field strength
towards the equator in 1994 and 1995 is mainly due to the decreasing
distance of the spacecraft to the Sun. This relatively homogeneous field
is mainly anchored in the polar coronal holes.

Closer to the ecliptic the field becomes inhomogeneous in both strength
and direction, exhibiting multiple jumps of around 180° in azimuth. The
magnetic field strength exhibits spikes over which the strength varies by
a factor of up to four.

A simple but quite successful model of the large-scale structure of
the coronal magnetic field at activity minimum is due to Banaszkiewicz
et al. (1998), cf. Forsyth and Marsch (1999). It is composed of dipo-
lar, quadrupolar and equatorial current sheet components. Fig. 8 shows
the resulting magnetic structure. Overplotting this on a coronagraphic
LASCO C1 brightness image obtained at solar activity minimum ex-
hibits a good agreement (Forsyth and Marsch 1999). According to cur-
rent thinking the jumps in the magnetic field direction seen by Ulysses
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Figure 13.7. 'The magnitude of the magnetic field and the velocity of the solar wind
measured by Ulysses from the beginning of the mission in October 1990 to early
March 1998. The heliographic latitude of Ulysses at selected times are indicated in
the top frame (figure from Balogh and Forsyth 1998, by permission).

are produced when the spacecraft passes through the current sheet at
the equator. This current sheet is warped (appearing like a ballerina’s
skirt; Schwenn 1990, 1993). Since the Sun completes multiple rotations
during the time that the spacecraft crosses the equatorial belt, i.e. the
range of latitudes over which the current sheet is warped, the spacecraft
can pass through the current sheet multiple times during its passage
from pole to pole.

The forces exerted by the solar wind on the field attempt to make
it radial, in the absence of solar rotation. When combined with solar
rotation, acting through the photospheric footpoints of the field, (which
are frozen into the gas) a spiral structure of the field is produced in
the equatorial plane (called the Parker spiral; Parker 1958), while out-
side this plane the field lines follow spirals along cones, with the cones
becoming increasingly narrower toward the poles.

Parker’s picture has been extended by Fisk (1996) to include the effect
of a misalignment between the Sun’s axis of rotation and its magnetic
dipole axis, as well as of the motion of the magnetic footpoints on the
solar surface due to differential rotation (compared to a fixed rotation of
the coronal field). This leads to a stronger and less regular displacement
of the field lines, in particular at larger distances from the Sun.

Finally, I would like to present an example where the magnetic field
at the solar surface directly influences measurements made in the helio-
sphere by the SWICS instrument (Gloeckler et al. 1992) on Ulysses. In
the top panel of Fig. 9 the heliospheric latitude of the Ulysses spacecraft
and the sunspot number (as a measure of solar activity) are plotted vs.
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Figure 13.8. The magnetic field lines for the Dipole-Quadrupole-Current-Sheet
model of Banaszkiewicz et al. (1998) out to 3 solar radii (solid curves). The model
reproduces various observational constraints from SOHO and Ulysses (figure kindly
provided by N.-E. Raouafi).

time. In the next panel the solar wind speed and the OT7/O%6 abun-
dance ratio measured by SWICS on Ulysses are plotted. It is evident
that whereas the solar wind speed is nearly the same while Ulysses is
above the southern and the northern coronal holes (marked by the two
sets of vertical, dotted lines) the OF7/O76 ratio is significantly different.
This ratio is a measure of coronal temperature, so that the southern po-
lar coronal hole (sampled in 1994) was 10-15 % hotter than the northern
polar coronal hole in 1995. In the bottom panel of Fig. 9 the spatially
averaged field strength at the solar surface in the southern (open cir-
cles) and northern polar coronal holes is plotted. It is obvious that the
average field strength is higher under the southern polar coronal hole
(which is also hotter). This suggests that the average photospheric field
strength is closely related to the coronal temperature in coronal holes
and the relative abundance of ions in the heliosphere (Zhang et al. 2002).
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Figure 13.9 Selected so-
lar wind and polar coronal
hole parameters between
1992 and 1997. (a) Helio-
graphic latitude of Ulysses
and sunspot number; (b)
O™t /05" ratio and so-
lar wind speed as mea-
sured by SWICS/Ulysses
from 1992 to 1997 (heavy
symbols denote pure PCH
stream observations, light
symbols observations from
the mid-latitude fast-slow
wind interface regions); (c)
area of the south PCH
(o) and north PCH (+)
estimated from Kitt Peak
He I 1083 nm synoptic
maps as fraction of the so-
lar surface; (d) magnetic
flux of the south (north)
PCH derived from Kitt
Peak synoptic maps, er-
ror bars are included for
the south (north) PCH val-
ues over the south (north)
Ulysses PCH stream inter-
vals; (e) same as in (d) but
for magnetic flux density
(from Zhang et al. 2002).

The magnetic field and its interaction with the solar plasma passes
through a variety of regimes from the solar convection zone to the he-
liosphere. In some layers the magnetic energy density far exceeds the
kinetic or thermal energy density, in others it is the opposite, while in
yet others the values are similar. The structure and dynamics of the
field also change very strongly between convection zone and heliosphere.
This variety is one cause of the richness of the types of solar phenomena
caused by the magnetic field. More details can be found in the volume
edited by Sawaya-Lacoste (2002) as well as the monographs by Parker
(1979), Priest (1982), Stenflo (1994) and Zwaan and Schrijver (2000).
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