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The magnetic structure of sunspots and starspots
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Abstract. The single most important quantity determining the properties of sunspots and presumably starspots is their
magnetic field. First an overview of the magnetic structure of sunspots is given, some of the progress made in recent years
is described and some of the unsolved questions are pointed out. Both observational and theoretical aspects are dealt with.
Finally, the magnetic structure of starspots is discussed. After presenting the evidence for (and against) their magnetic nature
the signature of starspots in Zeeman Doppler images is described. It is pointed out that if the properties of sunspots are
extrapolated to giant spots on rapidly rotating stars then the observed signature can be at least qualitatively explained.
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1. Introduction

The magnetic field is the central quantity determining the
properties of sunspots. It permeates every part of a sunspot
and by greatly reducing the convective transport of heat from
below is finally responsible for sunspot darkness. Conversely,
sunspots were the first astronomical objects recognized to
harbour a magnetic field, by Hale (1908a, b). The magnetic
field of sunspots is well studied and, at least in its basics,
reasonably well understood. Starspots are thought to be mag-
netic phenomena similar to sunspots, although on a larger
scale. In their case, however, the evidence of a magnetic na-
ture is less direct, one major problem being that the usually
employed magnetic diagnostics mainly sample the brighter
gas outside the darkest parts of the starspots.

Here 1 first review the observed magnetic properties of
sunspots, before touching on their theoretical description.
This is followed by a brief discussion of arguments related to
the magnetic nature of starspots. Finally, I point out how the
strong azimuthal fields revealed by Zeeman Doppler Imaging
on rapidly rotating, active stars may be explained by extra-
polating the properties of sunspots to starspots. Not all as-
pects of sunspot magnetism are covered here. For example,
little is said about magnetic fields in the upper atmosphere
and I refer to the review by White (2002) for more on this
topic.

Overviews of the observed magnetic structure of sunspots
have been given by Martinez Pillet (1997), Skumanich et
al. (1994), and may also be found in the volume edited by
Thomas & Weiss (1992). A more comprehensive review of
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the magnetic (and other) properties of sunspots is in prepara-
tion (Solanki 2002).

2. Large-scale magnetic structure of sunspots

As an example of the magnetic structure of a regular sunspot
a map of the magnetic field deduced from inversions of 1.56
pm lines is given in Fig. 1. Plotted are from top to bottom
the vertical and radial component of the field, as well as its
azimuthal direction.

2.1. The field strength

The magnetic field of sunspots has been measured in pho-
tospheric layers via the Zeeman splitting of absorption lines
in the visible and the infrared. The magnetic field strength
is largest near the geometrical centre of regular sunspots, i.e.
sunspots with a single umbra that are reasonably circular. It
drops monotonically outwards, reaching its smallest values
at the outer penumbral edge. Almost all spectral lines show a
smooth outward decrease of the field strength. This is in stark
contrast to the brightness, which jumps at the boundary be-
tween the umbra and penumbra. Hence, the umbral boundary
is not evident in the field strength. This simple picture of a
relatively smooth magnetic distribution is valid for a spatial
resolution of 2-3" or lower. At higher resolution the fine-
scale structure of the field becomes increasingly prominent
(see Sect. 3).

Additional evidence that the field strength does not jump
at the umbral boundary is provided by the relation between
B and continuum intensity, I., or temperature, 7' (Kopp &
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Fig. 1. Vertical and radial components of the magnetic vector, as
well as the azimuth of the magnetic field in a regular sunspot (Figure
kindly provided by S.K. Mathew).

Rabin 1992, Martinez Pillet & Vazquez 1993, Solanki et al.
1993, Balthasar & Schmidt 1994, Stanchfield et al. 1997,
Leka 1997, Mathew et al. 2002) which exhibits a discontin-
uous behaviour there. This demonstrates that the continuous
distribution of the field strength at the boundary is not an ar-
tifact caused by smearing due to seeing or by strayligth, since
the simultaneously measured intensity does indeed show a
jump.

There is now a consensus on the general form of the nor-
malized field-strength distribution, B(r/r,)/By. Here r is
the radial coordinate, r;, is the radius of the outer penum-
bral boundary and By is the field strength at the centre of the
sunspot (i.e. at r = 0). The radial dependence of the field
strength (in an azimuthally averaged sense) has been mea-
sured and reported by many authors. The more recent such
determinations include Lites & Skumanich (1990), Solanki
et al. (1992), McPherson et al. (1992), Hewagama et al.
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Fig. 2. Intensity and magnetic parameters vs. normalized radial dis-
tance, 7, from sunspot centre, as determined from 16 observations of
sunspots. Vertical dotted lines indicate the umbra-penumbra (left)
and the penumbra-canopy (right) boundaries. Plotted are the con-
tinuum intensity in Panel A, vertical (B., solid curve), radial (B,
dotted curve) and azimuthal (B, dashed curve) components of the
magnetic field in Panel B, magnetic inclination in Panel C and mag-
netic filling factor in Panel D. 7 is normalized to the radius at which
the canopy could not be seen anymore in the observations (figure
from Keppens & Martinez Pillet 1996, by permission).

(1993), Balthasar & Schmidt 1993, Keppens & Martinez Pil-
let (1996), Stanchfield et al. (1997) and Westendorp Plaza et
al. (2001).

A set of recent measurements of B(r/r,) in regular, i.e.
almost circular sunspots, are shown in Fig. 2. For compari-
son, the edge of the umbra, r,, /7, lies at 0.4-0.5. Such regu-
lar, isolated sunspots do not appear to show global azimuthal
twist of the field significantly above 20° (see Figs. 1 and 2).

These recent observations give for the field at the sunspot
boundary B(r,) ~ 700-1000 G, which implies B(r,)/ By ~
0.2-0.4. The fact that B is so large at the white-light bound-
ary suggests that sunspots are bounded by a current sheet
(Solanki & Schmidt 1993), although the raggedness of the
sunspot boundary in white-light images means that the cur-
rent sheet is not as smooth as one might picture on the basis
of simple flux-tube models.

The maximum field strength (i.e. Bp) increases almost
linearly with sunspot diameter from By ~ 2000 G for the
smallest to over 3500 G for the largest (e.g., Ringnes &
Jensen 1961, Brants & Zwaan 1982, Kopp & Rabin 1992,
Collados et al. 1994, Solanki 1997). Hence By increases by a
factor of roughly 2 as the amount of magnetic flux increases
by a factor of 30. For the field strength averaged over the
sunspot the variation is even smaller, being less than a factor
of approximately 1.5. In addition, the average field strength,
(B) = 1200-1700 G, is very similar to the field strength of
small flux tubes (where, due to the finite spatial resolution of
the observations the measured B is always an average over
the flux tube cross-section). Therefore B averaged over flux
tubes remains almost unchanged over 5-6 orders of magni-
tude of magnetic flux per feature, as pointed out by, e.g.,
Solanki et al. (1999).
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A surprising result has been the discontinuous B(r) re-
lation indicated by infrared Ti I lines at 2.24pm. This is in
contrast to all other diagnostics. These lines are simultane-
ously very sensitive to magnetic field and temperature, which
makes them unique. They sample mainly the coolest compo-
nents of the sunspot. So far only a single sunspot has been
mapped in these lines. It exhibits a strong field (B ~ 2700
G), with comparatively small zenith angle in the umbra which
jumps to an almost horizontal, weak field (B < 1000 G)
in the penumbra. There is no sign of fields at intermediate
strengths or inclinations in these lines (Riiedi et al. 1998a),
although a raster in the almost equally Zeeman sensitive, but
far less temperature sensitive Fe I line at 1.564m displays the
usual smooth decrease (Riiedi et al. 1999). These results sug-
gest a connection between unresolved magnetic and thermal
inhomogeneities.

2.2. Magnetic field orientation

The strongest magnetic field in a sunspot is in general also
the most vertical. Inclination to the surface normal (i.e. zenith
angle, () increases steadily as the field strength decreases (see
Figs. 1 and 2). Stanchfield et al. (1997) and Mathew et al.
(2002) find an almost linear dependence of ( on B (cf. Hale
& Nicholson 1938, Beckers & Schroter 1969).

Recent investigations find an average inclination of 10—
20° to the horizontal (i.e. ( ~ 70-80°) at the boundary
(Adam 1990, Lites & Skumanich 1990, Solanki et al. 1992,
Lites et al. 1993, Title et al. 1993, Hewagama et al. 1993,
Skumanich et al. 1994, Shinkawa & Makita 1996, Keppens
& Martinez Pillet 1996, Westendorp Plaza et al. 2001).

Although the horizontal component of the field is mainly
radial, a small residual twist of up to 10-15° still persists
according to Lites & Skumanich (1990), Skumanich et al.
(1994), Keppens & Martinez Pillet (1996) and Westendorp
Plaza et al. (1997b; 2001).

A residual twist is not entirely surprising considering
the fact that the sunspot superpenumbra seen in Ha (i.e.
the sunspot canopy; see Sect. 2.4) is strongly twisted. This
twist increases with increasing distance from the sunspot.
Kawakami et al. (1989) show that the residual twist of the
sunspot magnetic field is consistent with the twisted Ha fib-
rils seen in the superpenumbrae of at least some symmetric
sunspots.

2.3. Subsurface magnetic structure

The magnetic structure of a sunspot below the solar surface
is not directly observable, but can in principle be deduced
from the change in the properties of p-modes in and around
sunspots.

Observations by Braun et al. (1987, 1988, 1992), Bogdan
et al. (1993), Braun (1995) and others of the change in am-
plitude and phase of p-mode waves passing through sunspots
provide evidence of subsurface absorption and scattering of
incoming waves by the magnetic and thermal inhomogeneity
constituting the sunspot and carries information on the sub-
surface structure of the sunspot. The theory of the interac-
tion of p-modes with complex magnetic structures (such as

sunspots, if the fibril model of their subsurface field is cor-
rect, see Sect. 4) is not yet complete, but numerous simpli-
fied approaches have been taken (see Bogdan & Braun 1995,
Bogdan 2000, 2002a, 2002b for reviews).

One attempt to distinguish between different models of
the subsurface structure of sunspots has been made by Chen
et al. (1997) on the basis of data from the Taiwan Oscilla-
tion Network (TON; Chou et al. 1995). They interpret the
results of inversions in terms of the sunspot cross-section as
a function of depth with the help of two simple models, one
in which the flux tube underlying the sunspot is cylindrical,
the other in which it is funnel shaped. The two models do
give somewhat different signatures, but unfortunately both of
these lie within the error bars. Chen et al. (1997) find nev-
ertheless, that their results are consistent with Parker’s fibril
model of the subsurface field of sunspots (Sect. 4).

The subsurface flow crossing a sunspot deduced by Zhao
et al. (2001) has also been argued to support the fibril model.
Such a flow can weave its way between individual fibrils,
but cannot cross a monolithic tube. More on the subsurface
structure of sunspots deduced from local heliseismology is
presented by Kosovichev (2002).

2.4. Magnetic canopy

In the solar atmosphere the magnetic field continues beyond
the white-light boundary of sunspots. It forms an almost hori-
zontal canopy with a base in the middle or upper photosphere,
i.e. the field is limited to the upper part of the photosphere
and higher atmospheric layers; it overlies field-free gas. The
lower boundary of the magnetized layer in the superpenum-
bra is called the canopy base. The magnetic canopy is a nat-
ural result of the expansion with height of the magnetic flux
tube underlying the sunspot. Recall that the visible sunspot is
just a cross-section through this flux tube. In this picture the
canopy base corresponds to the current sheet surrounding the
sunspot.

Canopies are now regularly detected using different types
of observations. The derived canopy base heights generally
lie below 400 km (Giovanelli 1980, Jones & Giovanelli 1982,
Giovanelli & Jones 1982, Solanki et al. 1992, 1994, 1999;
Zhang 1994, Adams et al. 1993, Skumanich et al. 1994, Riiedi
et al. 1995, Bruls et al. 1995, Keppens & Martinez Pillet
1996, Westendorp Plaza et al. (2001).

The intrinsic field strength in the canopy, B(r/r, > 1),is
found to decrease continuously without any visible break at
the white-light boundary of the sunspot (Solanki et al. 1992).
The base height of the canopy increases relatively rapidly
close to the sunspot. However, this rise soon slows, so that
the canopy can be followed out to almost twice the sunspot
radius using purely photospheric lines.

Recently Solanki et al. (1999) have demonstrated that the
base height increases with /7, in a way consistent with the
thin flux tube approximation, although sunspots definitely do
not satisfy the conditions under which the thin-tube approx-
imation is expected to be valid (namely that the width of the
flux tube is smaller than the pressure scale height). This is il-
lustrated in Fig. 3, where Rpr/Rpr(7 = 1) is plotted vs.



168

Astron. Nachr./AN 323 (2002) 3-4

height. Here Rpt is the flux-tube radius. This normalized
radius is seen to behave very similarly for the smallest and
largest solar flux tubes. Hence, in some ways the largest and
the smallest flux tubes behave in a surprisingly similar man-
ner. Fig. 3 implies that tan~y(r,) ~ rp, i.e. the larger the
sunspot, the more horizontal the field at its boundary. If we
extrapolate this relation to even larger starpots it suggests that
these have nearly horizontal field at the penumbral edge.

Evidence is now emerging that the magnetic canopy is
intimately connected with the so-called ‘Moving Magnetic
Features’ (MMFs), originally studied in detail by Harvey &
Harvey (1973). Recent studies of bipolar MMFs (Yurchyshyn
et al. 2001, Zhang et al. 2002) have indicated that their ori-
entation follows that of the magnetic canopy (as outlined by
Ha fibrils), with the bipoles being directed such that the lead-
ing magnetic feature has the polarity of the parent sunspot.
This has been interpreted by Zhang et al. (2002) to indicate a
U-loop produced by a dip in the canopy. The simulations of
Schlichenmaier (2002) indicate how such a structure may be
produced.

2.5. Return flux and depth of the penumbra

Solanki & Schmidt (1993) find that approximately 1-1.5
times as much magnetic flux emerges in the penumbra as
in the umbra. The penumbra is thus deep, in contrast to the
model of a shallow penumbra in which the current sheet
bounding the sunspot flux tube lies along the solar surface
in the penumbra and no magnetic flux emerges there.

Observations have revealed the presence of return flux
at some locations along the boundary of the sunspot (Wes-
tendorp Plaza et al. 1997a, 2001, Schlichenmaier & Schmidt
1999, Mathew et al. 2002). These locations are cospatial with
downflows which are interpreted as a part of the Evershed
flow draining down into the solar interior again. The 1-D
inversions in conjunction with earlier investigations suggest
that higher-lying field lines and the associated flowing gas
pass on into the canopy, while at least some of the lower ly-
ing, almost horizontal field lines return to the solar interior at
the sunspot boundary.

2.6. Vertical gradient of the magnetic field

Knowledge of the magnetic field at different heights allows
the average vertical gradient of the field strength between
these heights to be determined (and to be compared with the
predictions of models).

The values of the obtained vertical gradient depend on
both the horizontal position in the sunspot and the height
range over which it is measured (i.e., the formation heights
of the 2 diagnostics used).

The sum of all observations suggests that the field
strength drops rapidly with height in the photosphere and
more slowly at greater heights. The largest gradient is found
in the central umbra, where |0 B /92| values of up to 3 km s !
have been found by Wittmann (1974), Balthasar & Schmidt
(1993), Schmidt & Balthasar (1994), Pahlke & Wiehr (1990),
Bruls et al. (1995), Riiedi et al. (1995), Penn & Kuhn (1995),
Westendorp Plaza et al. (2001).
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Fig. 3. Canopy base height, z., vs. distance from the centre of the
flux tube normalized to its radius. The solid curves encompass the
range of canopy base heights of sunspots, the dashed curves for slen-
der flux tubes (from Solanki et al. 1999).

The measured umbral gradients are in reasonable agree-
ment with simple theoretical predictions of [0B/dz| = 0.5-1
G km! at the flux-tube axis (Yun 1972). Theory also pre-
dicts both a decrease of the magnetic gradient with height
and with increasing distance from the centre of a symmetric
sunspot whose magnetic configuration is not too far from that
of a potential field bounded by a current sheet.

3. Fine-scale structure of the magnetic field

The fine-scale structure visible in white-light images of
sunspots is predominantly due to umbral dots and light
bridges and to penumbral or superpenumbral filaments. As
far as the magnetic field is concerned the main known inho-
mogeneities are concentrated in the penumbra.

3.1. Umbral dots

Various investigators have searched for the signature of um-
bral dots in the magnetic field. Whereas older observations
showed a huge scatter in deduced field strength values, there
has been convergence towards a rough consensus in recent
years. Thus, Adjabshirzadeh & Koutchmy (1983), Pahlke &
Wiehr (1990), Balthasar & Schmidt (1994), Lites & Scharmer
(1989), Lites et al. (1991) and Tritschler & Schmidt (1997) all
find no evidence of a significantly weaker field in umbral dots
than in the surrounding umbra.

The fact that no significant decrease in B is seen above
umbral dots does not necessarily mean that the Parker
(1979¢) and Choudhuri (1986) model of their production
(Sect. 4.4) is wrong since, as Degenhardt & Lites (1993b)
pointed out, only lines formed very deep in the atmosphere
are expected to see the decrease in B in the dots predicted
by these models. High resolution observations at 1.56pm are
needed to resolve this question.
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3.2. Fluted magnetic field in the penumbra

The azimuthal inhomogeneity of the penumbral magnetic
field on small scales, in particular of its zenith angle, is now
well established (e.g. Degenhardt & Wiehr 1991, Schmidt et
al. 1992, Title et al. 1992, 1993). These authors found that
the magnetic field is fluted or “uncombed” on small scales,
in the sense that when travelling on a circle around the centre
of the umbra of a regular sunspot the zenith angle of the field
fluctuates by 10-40° on an arc s and sub-arc s scale. This
basic result is confirmed by Lites et al. (1993), Hofmann et
al. (1993, 1994), Rimmele (1995), Stanchfield et al. (1997),
Westendorp Plaza et al. (1997b) and Wiehr (2000), while ev-
idence supporting it has been provided by Solanki & Mon-
tavon (1993), and Martinez Pillet (2000).

Title et al. (1993) find a significant correlation of ¢ with
the velocity. The Evershed flow appears to be concentrated
in the horizontal magnetic filaments. The correlation of mag-
netic vector inclination with brightness is far less clear, with
different authors obtaining mutually opposite results. Simi-
larly, there is no consensus on small-scale variations of field
strength and its correlation with other quantities.

An alternative diagnostic of unresolved fine structure of
the magnetic field is provided by broad-band circular polar-
ization (BBCP) in sunspot penumbrae. BBCP was observed
by Illing et al. (1974a,b, 1975), Kemp & Henson (1983), Hen-
son & Kemp (1984), Makita & Ohki (1986), etc., and has
been shown to be due to the blue-red asymmetry of Stokes
V' profiles of atomic spectral lines by Makita (1986) and
Sanchez Almeida & Lites (1992).

The blue-red Stokes V' asymmetry can be reproduced
most easily by co-spatial line-of-sight gradients of the mag-
netic vector and the line-of-sight velocity (Illing et al. 1975,
Auer & Heasley 1978, Sanchez Almeida & Lites 1992).
However, as Solanki & Montavon (1993) point out, global
gradients of the magnitude required would lead to magnetic
curvature forces strong enough to destroy the sunspot. They
demonstrated that the observations could be reproduced just
as well by (more or less) horizontal flux tubes embedded in an
inclined field, as sketched in Fig. 4. (cf. Martinez Pillet 2000).
This picture has been taken up and developed by Schlichen-
maier & Collados (2002), who propose a mixture of cool hor-
izontal and hot inclined flux tubes (with flowing gas) embed-
ded in an inclined background field. An inversion of 1.56 ym
Stokes profiles including a possible horizontal flux tube by
Borrero et al. (in preparation) has returned flux tubes that are
approximately 200 km thick (cf. Siitterlin 2001) and form an
arch from the inner penumbra to the outer boundary.

4. Models of the sunspot magnetic field

4.1. Introduction to the theoretical description of
sunspots

Models of sunspots are of very diverse types and aim to either
reproduce observed properties of sunspots, or to understand
the physical processes occurring in them.

Unfortunately, the large size of sunspots and the small-
scale structure dominating many of the dynamic processes
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Fig. 4. Sketch of the local fine-scale structure of the magnetic field
in sunspot penumbrae. The field is composed of two components, a
flux-tube component, represented by the horizontal cylinders, and a
more inclined magnetic field, indicated by the field lines threading
their way between the flux tubes.

within them conspire to make full fledged simulations with a
modicum of physical realism beyond current reach. The large
spectrum of timescales relevant to the problem make it even
more intractible.

Hence, most models deal with some aspect of sunspots
in detail, while neglecting or simplifying other aspects. Most
numerous among the physical models are those describing
the magnetic structure of a sunspot on the basis of an axially
symmetric vertical flux tube in (approximate) magnetohydro-
static equilibrium.

Further details and references about models of the mag-
netic structure of sunspots are to be found in the following
reviews: Moreno Insertis (1986), Thomas & Weiss (1992),
Jahn (1992, 1997), Deinzer (1994) and Bogdan (2000), cf.
Schiissler (1986).

Sunspots are thought to be the cross-sections at the so-
lar surface of large, nearly vertically oriented magnetic flux
tubes (Cowling 1934). Hence the large-scale magnetic struc-
ture of sunspots is generally represented by axially symmetric
flux tubes. Most models of the magnetic structure are cal-
culated in the magnetohydrostatic approximation, i.e. they
neglect evolutionary aspects, convective motions, the Ever-
shed effect, and the influence of waves and oscillations. For
the overall structure of the magnetic field this is a satisfac-
tory approximation since large mature sunspots evolve on
time scales far longer than the time taken by disturbances
travelling at the Alfvén or sound speed to cross them (the
Alfvén transit time is on the order of an hour). Further argu-
ments in favour of a static description of sunspots are given
by Jahn (1997). Dynamic phenomena are important, how-
ever, for shaping the small-scale magnetic structure, which
is particularly prominent in penumbrae (penumbral fibrils),
but is also seen in umbrae (umbral dots). Most models of the
whole sunspot neglect the fine-scale structure in the interest
of tractability.

The sunspot magnetic field is confined horizontally by a
combination of the excess gas pressure in the field-free sur-
roundings of the sunspot and magnetic curvature forces. In
contrast to small magnetic flux tubes the latter cannot be ne-
glected, making the modelling of the sunspot magnetic field
far more challenging. The magnetohydrostatic equilibrium is
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described by the force balance equation and one of Maxwell’s
equations:

1
—curlBxB =Vp—pg,
47

divB =0,

where B is the magnetic vector, p is the gas pressure, p de-
notes the density and g gravitational acceleration. Hydrostatic
equilibrium along field lines is already implicit in the force
balance equation. Usually, significant additional assumptions
are made, since the computation of the magnetic configura-
tion without further assumptions requires the simultaneous
and consistent solution for the magnetic and thermodynamic
structures, which in turn makes it necessary to solve an en-
ergy equation in addition to the above equations (e.g. Alfvén
1943, Cowling 1957, Dicke 1970, Maltby 1977). Most such
“comprehensive” solutions that have been attempted are not
general since the magnetic structure is often partially pre-
scribed and the thermodynamics are greatly simplified, al-
though recently significant progress has been made on both
accounts.

Various assumptions and simplifications have been used
in the past to facilitate the description of the magnetic
structure of sunspots. This includes the assumption of self-
similarily (Schliiter & Temesvary 1958), return-flux models
(Osherovich 1982), a constant-« force-free field description
(Schatzmann 1965) and a MHS solution without a current
sheet (Pizzo 1986). These approaches are not discussed fur-
ther here. I refer to Solanki (2002) for a review of these tech-
niques of calculating sunspot magnetic structure.

4.2. Monolithic vs. cluster model

One basic assumption underlying all attempts to quantita-
tively model the global magnetic structure of sunspots is the
assumption that the sunspot is monolithic below the solar sur-
face (e.g., Cowling), i.e., that it can be represented by a sin-
gle flux tube. Since these layers are not directly accessible
to observations, this assumption cannot be rigorously tested,
although the techniques of local helioseismology can in prin-
ciple set some constraints on the subsurface field.

Parker (1979a,b,c) proposed that just below the surface
the magnetic field of a sunspot breaks up into many small
flux tubes due to the fluting or interchange instability (Parker
1975, Piddington 1975). In this instability, the magnetic en-
ergy of the system is lowered by the fragmentation of a large
flux tube (with strong magnetic curvature terms) into many
small ones (with small curvature terms). In this picture, a
sunspot can be described by a monolithic tube above the sur-
face, but only by a crowd of small flux tubes (spaghetti) be-
low the surface, as illustrated in Fig. 5. This model is often
referred to as the spaghetti or jellyfish model.

Magnetic buoyancy can save sunspots (¢ > 1020 Mx)
from going unstable to fluting in the layers close to the so-
lar surface (Meyer et al. 1977, Biinte et al. 1993). In deeper
layers the interchange instability may still act. The depth at
which the instability occurs and subsurface ‘spaghetti’ are

(a) (9

Fig. 5. Sketch of the monolithic (a) and cluster (b) models of the sub-
surface structure of sunspot magnetic fields (from Thomas & Weiss
1992, by permission).

produced depends on the total magnetic flux emerging in the
sunspot and on details of the magnetic structure. In spite of
this uncertainty a cluster model of sunspots has the advantage
that it can explain the relatively high thermal flux seen in the
umbra, as well as umbral dots in a natural manner (the latter
as field-free intrusions into the sunspot, Parker 1979¢, Choud-
huri 1986). The complex magnetic structure in the penumbra,
in which fibrils of field pointing in different directions are in-
terlaced, suggests that the magnetic field is indeed concen-
trated into many small flux tubes. Further arguments for the
cluster model have been presented by Choudhuri (1992). The
patchy distribution of power of oscillations of the Zeeman
signal in sunspots also suggests an inhomogeneous magnetic
field in the subphotospheric layers (e.g. Riiedi et al. 1998b,
Staude 1999, Balthasar 1999). Finally, as discussed in Sect.
2.3, local helioseismic investigations favour a cluster model
of sunspots (Chen et al. 1997, Zhao et al. 2001).

4.3. Current-sheet models

The simplest consistent current sheet model is composed of
a flux tube in whose interior the magnetic field is potential,
i.e. current free, so that all the current is concentrated in a
sheet at the boundary of the flux tube, termed the magne-
topause. The main difficulty facing the modeler is the deter-
mination of the horizontal position of the magnetopause as a
function of height in the presence of arbitrary stratifications
in the flux tube and in its surroundings. Approximate solu-
tions have been found and applied to sunspots and pores by
Simon & Weiss 1970) and Simon et al. (1983). Wegmann
(1981) proposed the first general solution to the free bound-
ary problem. Schmidt & Wegmann (1983) were the first to
apply this technique to sunspots.

There are, however, indications that a potential-field
model bounded by a current-sheet at the magnetopause is too
simple to describe sunspots. In particular, it is inadequate to
describe the presence of the penumbra. Hence Jahn (1989)
extended the Schmidt & Wegmann (1983) model to include
body currents in addition to a current sheet at the bound-
ary. The body currents were restricted to the outer part of
the sunspot (corresponding approximately to the penumbra)
and chosen such that the surface field matches the observa-
tions of Beckers & Schroter (1969). It turns out that the field
deviates somewhat from potentiality, but this deviation is not
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very large anywhere (except at the boundary, of course). The
deviation is nevertheless important for reproducing the obser-
vations. Although only a single boundary current sheet fails
to reproduce the observations satisfactorily (Jahn 1989), com-
bined sheet and body current models provide relatively good
fits to the observations of the global magnetic structure of
sunspots.

Jahn & Schmidt (1994), cf. Jahn (1992), considered a
model very similar to that of Jahn (1989), but they replaced
the body currents in Jahn’s (1989) model by a current sheet
located between the umbra and penumbra (in addition to
the current sheet at the magnetopause). This structure allows
for sharp thermal boundaries between umbra, penumbra and
quiet Sun by specifying different mixing length parameters in
each of these three domains. Between the current sheets the
field is potential. This simplification of the magnetic struc-
ture relative to the model of Jahn (1989) is dictated by the
aim of Jahn & Schmidt (1994) of obtaining a realistic ther-
mal structure of the sunspot with distinctly different umbral
and penumbral thermal transport mechanisms. These models
are marred somewhat by the jump in the field strength at the
boundary between the umbra and the penumbra, which is not
present in the earlier models of Jahn (1989).

Finally, 2-D simulations of flux tubes with different
amounts of magnetic flux, concentrated by the influence
of convection in their surroundings (Hurlburt & Rucklidge
2000) indicate that a current sheet is automatically produced,
with the current sheet becoming narrower as the magnetic
Reynolds number R, increases. The resulting field strength
averaged over the flux tube cross-section is roughly indepen-
dent of the total flux in the tube, in good agreement with
the observational results of Solanki & Schmidt (1993) and
Solanki et al. (1999). Unlike the observations, however, the
maximum of the field strength is not reached at the flux tube
axis, but rather near its boundary (where also the minimum
plasma 3 is achieved in the models). This suggests that addi-
tional mechanisms besides concentration by convective cells
are responsible for the formation of at least the larger solar
flux tubes.

4.4. Uncombed fields and umbral dots

On a small azimuthal scale horizontal and inclined field lines
are observed to alternate in the penumbra. Two ideas have
been proposed to explain the origin of these so-called un-
combed fields. Basically these ideas consider the small-scale
magnetic structure to be dynamic and its complexity to result
from an instability. One proposal, due to Wentzel (1992), has
not been worked out quantitatively and consequently is not
discussed further here.

Spruit (1981b) and Jahn (1992) proposed that the com-
plex magnetic fine structure of the penumbra is due to the
convective exchange of flux tubes. One possible scenario for
interchange convection is the following: A flux tube near the
magnetopause below the (deep) penumbra is heated by the
field-free convective gas with which it comes into contact.
The heated tube is buoyant and rises. At the surface it radi-
ates away its excess energy, loses its buoyancy, becomes more
horizontal and sinks again.

The first part of this scenario has been confirmed and
quantified by numerical simulations (Schlichenmaier 1997,
Schlichenmaier et al. 1998a,b). An illustration is given in
Fig. 6. A thin flux tube lying at the magnetopause (i.e. the
outer boundary of the penumbra) heats up, becomes buoy-
ant and begins to rise (the background penumbral field and
superadiabatically stratified gas was taken from the model of
Jahn & Schmidt 1994). The part of the flux tube near the outer
boundary of the penumbra reaches the surface first. Below
the surface the tube rises almost adiabatically, but above the
surface radiative losses make it denser and reduce the buoy-
ancy. Also, the background stratification above the surface
is no longer superadiabatic. Consequently, the parts of the
flux tube above the surface come to rest, staying horizontal,
while the surrounding field remains strongly inclined with re-
spect to the surface. With time parts of the flux tube closer to
the umbra emerge into the solar atmosphere and lengthen the
horizontal portion of the flux tube. The horizontal flux tube
remains in equilibrium, since, e.g., the negative buoyancy is
balanced by the upward accelaration due to the expansion
with height of the background field.

An observational signature of the formation of a hori-
zontal flux tube is the movement of a bright point towards
the umbra. Such moving bright points (called penumbral
grains) have indeed been observed (Muller 1992, Sobotka et
al. 1999). This model also predicts an outward gas flow along
the horizontal flux tube, which is similar to that giving rise to
the Evershed effect. Finally, Schlichenmaier (2002) has pre-
sented new simulations which suggest that outward streaming
features in the outer penumbra, seen by some observers, may
also be produced by this model, as well as MMF-like features
beyond the white-light boundary of the sunspot.

The loss of buoyancy and return to its original more ver-
tical state of the flux tube is, however, not produced by the
simulations.

Theoretical concepts underlying umbral dots, in general
consider them to be associated with some form of magneto-
convection. In models of a monolithic umbra the bright um-
bral dots are related to hot upflows, although it is not a priori
clear why umbral dots should possess their characteristically
small size. In the spaghetti model they are thought to be the
protrusion of field-free material from below the surface into
the penumbra (Parker 1979¢c, Choudhuri 1986, 1992). In this
model, intrusions of field-free, convectively unstable gas are
present between the numerous thin flux tubes (the ‘spaghetti’)
below the umbra. If sufficient pressure builds up in this gas
it rises, pushing the field lines aside. In some cases the gas
can burst through the solar surface, becoming visible as an
umbral dot. According to Choudhuri (1986) the system acts
like a magnetic valve. Once sufficient gas has moved above
the surface through the open valve the pressure from above is
thought to increase again so that the valve should close. The
main consequence for the magnetic field of these models, in
particular that of Choudhuri (1986), is that at the continuum-
forming layers there is a localized region of no field. How-
ever, only 100-200 km above that level the field is practi-
cally homogeneous again according to Degenhardt & Lites
(1993a,b). The magnetic filling factor in the umbra reaches
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Fig. 6. Vertical cut through a model penumbra. Vertical axis: height
z, horizontal axis: radial distance x from the axis of the sunspot
(lying to the left). Indicated are the solar surface (horizontal lines
near z = (), the magnetopause between penumbra and quiet sun and
the current sheet between umbra and penumbra. Shown is (a) a flux
tube at its initial location at the magnetopause and its final position
when it lies partially horizontally at the solar surface (adapted from
Schlichenmaier 1997, by permission).

values above 95% in the mid- and upper photosphere, which
is compatible with this model.

5. Starspots

5.1. Are starspots magnetic?

Compared to sunspots our knowledge of starspots is poor.
Most of what we do know about them is based on their
brightness contrast. Of their magnetic properties very little
is known and it is even worthwhile to consider the question
whether they really are magnetic features similar to sunspots.
This is the assumption that is generally made, although the
large polar spots on some rapidly rotating stars have been
likened to solar polar coronal holes in some of their properties
(Donati & Collier Cameron 1997). The evidence supporting
the magnetic nature of starspots is on the whole indirect. Be-
low I list the main evidence and arguments for and against
this hypothesis, as well as making some other relevant com-
ments.

1. Magnetic suppression of convective energy transport is
the most efficient means of producing significant local-
ized darkenings on the surface of a cool star. In particular,
the evolution of the size, shape and number of starspots
on the stellar surface is best understood in terms of mag-
netic features.

2. The detected starspots are much larger than even the
largest sunspots. This unusual size can be explained with
the larger amount of magnetic flux on these stars. How-
ever, due to the limited spatial resolution achievable with
the employed detection techniques (e.g. Doppler Imag-
ing) it is in general not possible to resolve sunspot-sized
features. Hence, what appears as a single starspot may
or may not be composed of multiple sunspot-sized spots
(see Solanki 1999).

3. Another major difference between starspots, and
sunspots, namely the high latitudes of the starspots com-
pared with the near-equatorial location of sunspots has
been explained in two different ways. Firstly, magnetic
field generated at the base of the convection zone is
susceptible to the enhanced influence of the Coriolis
force on the rapidly rotating stars exhibiting high-latitude
spots (Schiissler & Solanki 1992, Schiissler 2002).
Secondly, meridional criculation causes the magnetic
flux to concentrate increasingly near the stellar pole as
the total amount of flux increases (Schrijver 2002). A
combination of both effects may well be acting, but this
needs to be studied.

4. The direct measurement of the magnetic field in individ-
ual starspots is difficult due to their low continuum in-
tensity, in particular of the umbra. A possible magnetic
signal from there is easily swamped by the higher signal
from the bright faculae. For this reason it is likely that
very little of the magnetic signal detected on active cool
stars is umbral in origin. There may be an exception for
very active stars for which the faculae to spot area ra-
tio becomes small, as suggested by the work of Radick
et al. (1989). Even for these stars, however the umbral,
contribution to the disk-integrated spectral line profiles
is difficult to measure. The penumbra, having a bright-
ness close to that of the quiet photosphere, produces a
far larger Zeeman signal even if the field strength there is
lower. The factor of 3-4 larger penumbral area relative to
umbral area (seen for sunspots) also enhances the penum-
bral contribution.

5. The argument that the measured field strength B on some
stars considerably exceeds B.,, just like the maximum B
in sunspots does (see Fig. 7), and must therefore be due
to starspots, is basically flawed. Here B.; = +/8TPexp,
where pexp is the gas pressure outside the sunspot or
starspot. B > B, is only true for the peak field strength
in umbrae. Averaged over the whole sunspot (B) & B,
is found, pretty much as in faculae. The similarity be-
tween flux-tube-averaged field strength over 6 orders of
magnitude of surface area, is clearly visible in Fig. 8.

Zeeman Doppler Imaging (Semel 1989) and Magnetic
Doppler Imaging (Saar et al. 1992) are the most advanced
techniques for determining the distribution of the magnetic
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field on the stellar surface. Of these, more effort has been put
into developing Zeeman Doppler Imaging (ZDI) which has
also been applied far more extensively. Typical for ZDI is that
the magnetic signal is small for the darkest parts of a Doppler
image (e.g. Donati et al. 1992; Donati & Collier Cameron
1997), i.e. to the parts corresponding to sunspot umbrae. E.g.,
for the young rapidly rotating star AB Dor the magnetic field
is largest for regions of intermediate brightness. These may
be similar to sunspot penumbrae.

In order to detect umbral fields it is necessary to employ
spectral lines that are very weak outside the starspot. Zeeman
sensitive molecular lines (see Berdyugina, 2002) are the lines
of choice for this purpose. Note however, that they are most
useful on stars that are not too cool, so that any molecular
absorption must come from the sunspot.

Can the fields in or near penumbra-like features in Zee-
man Doppler Images be understood in terms of starspot mag-
netic structure? Basically 2 types of magnetic structure are
seen that may be related to starspots. The first is a promi-
nent ring of azimuthally oriented field (toridal field) usually
forming a collar around a large polar spot, (e.g. on HR1099,
(Donati et al. 1992). The Zeeman Doppler Image of this star
is plotted in Fig. 9 (from Donati et al. 1992). Such a toroidal
component at the stellar surface is, at least at first sight, unex-
pected and has been used to argue that the dynamo producing
large-scale magnetic signals on these stars is not restricted to
the bottom of the convection zone (e.g. Donati and Collier
Cameron 1997). In Sect. 5.2 I discuss an alternative interpre-
tation, based on the extrapolation of sunspot properties to the
parameters typical of starspots and their parent stars.

The second type of feature are smaller, possibly not com-
pletely resolved structures exhibiting vertical fields on ZDI
maps. These features are not well correlated with strong dark-
enings, but some of them do lie on top of mild darkenings
(Donati & Collier Cameron 1997).

5.2. ZDI results: are they compatible with starspots
having sunspot-like magnetic fields?

As the basis for this section I assume that the basic results
from ZDI, as outlined in the last section, are correct. This is
not a trivial statement since Stokes V' -based ZDI follows the
very ambitious aim of reconstructing a 6-dimensional quan-
tity (surface maps of the full magnetic vector) from a two-
dimensional data set (Stokes V' as a function of wavelength
and time). I refer to Piskunov (2002) and references therein
for a critical look at the capabilities and limitations of ZDI.
Another basic premise underlying this section is that the
properties of starspots can be roughly estimated by extrapo-
lating from sunspots to larger features if the difference be-
tween the general properties of the active star and the Sun are
also taken into account. I also assume that ZDI maps only
show the field outside the umbra. The final assumption that I
make is that in particular the polar spots seen in Doppler im-
ages are single spots and not conglomerates of smaller spots.
This assumption, however, may be relaxed, as discussed later.
Let me begin by considering which component of a
sunspot’s magnetic vector is most likely to be visible in a
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Fig.9. Temperature (top) and toroidal field (bottom) maps of
HR 1099 for the year 1990. The temperature steps correspond to
250 K, the magnetic field steps of 200 G. Dark grey corresponds to
clockwise, light grey to counterclockwise directed field (from Do-
nati et al. 1992, by permission).

Zeeman Doppler Image. In keeping with the ZDI literature
the 3 components are described by the vertical, poloidal and
toroidal components defined relative to the stellar surface and
rotation axis.

First: is the observed field more likely to be vertical or
horizontal?

Following Fig. 2 and assuming a linear dependence of
the inclination angle ( of the field to the vertical on radial
distance r from the spot centre:

(= Cmaxr/Rspota

one obtains (¢) = 60° averaged over the whole spot if
Cmax = 90° (which is reasonable for a big starspot according
to Fig. 3). (¢) = 70° if B, values of the penumbra alone are
averaged. Since the umbra does not contribute significantly
to the Stokes V signal in atomic lines, the detectable field is
rather horizontal.

Now we need to distinguish between a starspots that are
spatially resolved by ZDI and starspots that are not. For an
unresolved starspot that is reasonably symmetric Stokes V'
signals from the horizontal components of the magnetic field
will mutually cancel, so that mainly the vertical component
will produce a net signal. The fact that the penumbral field is
to a large part horizontal hence only leads to a reduction of
the starspot’s Zeeman signal. For very asymmetric starspots
other field components may also be detectable, but probably
to a smaller extent. For a resolved starspot this implies that
the measured Zeeman signal is mainly horizontal. If the su-
perpenumbral field is counted (see below), then the starspot
field is even more horizontal.

Consider now a large polar spot (as a single starspot rather
than a cluster of smaller spots). A direct comparison with
the magnetic structure of sunspots illustrated in Figs. 1 and
2 would lead one to expect a poloidal field. However, be-
fore carrying out such a comparison we need to consider
how sunspot properties would change when transported to
a large spot at the pole of a rapidly rotating star. Accord-
ing to the sunspot analogy the penumbrae of starspots should
also harbour an Evershed flow, i.e. a nearly horizontal out-
flow of matter. In a regular sunspot this outflow is nearly ra-
dial (twists of sunspot fields are typically less than 20°, see
Fig. 2). At greater distances from sunspot centre (in the mag-
netic canopy), however, the field is strongly twisted (Sect.
2.4). Such a twist can be produced by the influence of the
Coriolis force on the Evershed flow (Peter 1996). The follow-
ing is an estimate of the length scale over which a significant
twist is produced (due to M. Schiissler):

A packet of gas taking part in the Evershed outflow feels
the Coriolis force

Frie v xQ
where © = (0, 0, ) is the stellar rotation vector and v =
(vr,v,,0) is the Evershed flow (for simplicity the starspot
has been assumed to be small compared to the stellar radius,
so that the curvature of the stellar surface has been neglected).
The solution of Eq. (1) is an oscillation of v between v, and
v, (so-called inertial oscillations) with an amplitude:

Vo 1kms~!

— — _ 5
=50 " 23x10 61 — 1.8 x 10°km

Ar

for the solar case. Note that the numerical value of Ar corre-
sponds to the superpenumbral radius. The physical interpre-
tation of Ar is that it is the length scale over which the flow
and consequently the associated magnetic field are deflected
from the original direction to an azimuthal direction. For a
star rotating at 10 times the solar rate (2 = 10Q) Ar is
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Fig. 10. Sketch of the expected magnetic structure of a large polar
spot on a rapidly rotating star (such as HR 1099). The twisted mag-
netic structure is indicated, as are the umbral (dashed) and penum-
bral boundaries.

correspondingly shorter, while the starspot size is larger (typ-
ically R(sparspot) ~ 10 R(sunspot)). Hence we expect the
twist of the field to be very significant in the penumbrae of
these spots. This would be visible as a strong azimuthal com-
ponent of the field, producing a ring of nearly toroidal field
in the penumbra of a polar spot. A sketch of the expected
situation is given in Fig. 10.

An exact solution of the force balance has been found by
Peter (1996). It shows how the twist increases with increasing
size of the sunspot. In particular, the exact solution shows that
either direction of the twist is possible.

Note that a twisted field is also compatible with the mag-
netic structure produced at the pole by flux transport through
meridional motion (see Schrijver 2002), in which a ring of
one magnetic polarity surrounds a polar cap of the opposite
polarity. Hence the presence of a toroidal field in associa-
tion with polar spots does not imply that they must be single
starspots.

Finally, another mechanism for producing a toroidal mag-
netic structure in a polar spot is differential rotation. The an-
gular rotation rate is a function of latitude on active stars, just
as it is on the Sun (Collier Cameron 2002). Hence the outer
penumbra of a polar spot rotates a bit faster than the inner
penumbra. This leads to a twist. The magnitude of the twist
is enhanced by the large sizes of the polar spots and their long
lifetimes, which allow the influence of the velocity shear to
build up. The uncertain magnitude of the stellar differential
rotation near the poles is the major uncertainty underlying
this mechanism. Of course, both effects, the Coriolis force
and differential rotation act in parallel and can either enhance
or interfere with each other.

Finally allow me to consider the question whether only
the penumbra contributes to the ZDI signal or if also the su-
perpenumbra (the magnetic canopy described in Sect. 2.4)
is visible. The usual (solar) definition of the superpenumbra
is the sunspot’s (starspot’s) magnetic field outside the white-
light boundary of the sunspot or starspot. On the Sun the
boundary of the white-light sunspot is also the place where
the magnetopause passes through the solar surface. Hence in
the superpenumbra of a sunspot the magnetic canopy has its
base in the solar atmosphere. On cooler stars this need not be
the case.

On such stars the convection zone stops somewhat below
the surface in the sense that Schwarzschild’s convective insta-
bility criterion is no longer fulfilled in the layers immediately
below the stellar surface. The cooling due to the magnetic
field is only effective in the convection zone, however, since
the magnetic field reduces the efficiency of convection, but
hardly affects energy transport by radiation. Hence any sub-
surface expansion of the field in the radiatively dominated
gas will not be visible as a darkening. In other words the
size of the visible starspot is given by the cross-section of
the magnetic flux tube when it intersects the upper boundary
of the convection zone and not the stellar surface. The latter is
thus relatively unimportant for determining the size of a dark
starspot. Therefore, on a K star one can find a ring of magnet-
ically permeated gas around a large starspot, which (the ring)
does not appear dark.

How broad can such a ring be? This depends both on the
depth at which the convection stops and on the angle of incli-
nation of the field at the starspot boundary. If we take solar
flux tubes as a guide we can roughly estimate this quantity. In
particular, we extrapolate using the relation that tana ~ R,
which follows from Fig. 3. The convection always stops close
to the stellar surface, at the most half a scale height below.
For an almost horizontal field the expansion to the layer of
line formation lying 50 km to 100 km above the continuum
forming layer, can extend the starspot’s magnetic boundary
seen by a spectral line by 5%. This may partly explain why in
ZDI the large polar spots (defined in brightness images) are
often surrounded by an azimuthal (i.e. toroidal) field, partly
lying outside the visible starspot.
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6. Conclusion

The magnetic field of sunspots is now not only known to
display a level of complexity not imagined even 15 years
ago, it is beginning to serve as a prototype of the magnetic
structure of starspots. Even relatively simple extrapolations
from sunspots to starspots produce a qualitative agreement
with Zeeman Doppler Images of polar starspots and their
surroundings, if the difference in size and location of the
spot and the properties of the parent star are taken into ac-
count. Nonetheless, the relative success of the simple esti-
mates made in this paper point to the need for a more detailed
and quantitative treatment.
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