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Abstract. We investigate the production of broad-band circu-
lar polarization (BBC) of sunspots using a model inspired by
the discovery of small-scale variations of magnetic inclination
in sunspot penumbrae. The proposed model is a simple repre-
sentation of a horizontal magnetic flux tube embedded in an
inclined magnetic field, with a flow in either one or both com-
ponents (Evershed flow). This model is shown to produce a
sizeable BBC without requiring substantial net vertical gradi-
ents of the magnetic vector. It reproduces the BBC observations
in a qualitatively correct and quantitatively acceptable manner
for reasonable values of its free parameters. In addition, our
model also explains the crossover effect observed in sunspot
penumbrae. The fits to the observations support the presence
of a larger velocity in the horizontal magnetic filaments than in
the inclined field. We point out that the BBC is complementary
to high resolution images in that it diagnoses the height varia-
tion of the small-scale structure of sunspot magnetic fields. By
combining the results from both techniques we outline the 3-D
fine-scale structure of the magnetic field in the photospheric lay-
ers of sunspot penumbrae. The most important result is that the
two differently inclined components of the field do not simply
form vertical sheets, but rather must have a horizontal interface
near the level of line formation.

Key words: Sun: sunspots — Sun: magnetic fields

1. Introduction

Broad-band circular polarization (BBC) in sunspots was first
detected by Illing et al. (1974a,b, 1975) and later observed
by Kemp & Henson (1983), Henson & Kemp (1984), Makita
(1986) and Makita & Ohki (1986). From these observations, par-
ticularly the extensive investigation of Makita & Ohki (1986),
Sanchez Almeida & Lites (1992) distilled the following three
empirical rules:

1. The broad-band circular polarization is largest in the limb-
side penumbra close to the apparent magnetic neutral line,
where the amplitude of the Stokes V' profile is smallest.
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2. The centre-side penumbra exhibits a smaller BBC of oppo-
site sign to the BBC of the limb-side penumbra.

3. The sign of the blue lobe of the Stokes V' profile in the
umbra or centre-side penumbra corresponds to the sign of
the maximum BBC in the limb-side penumbra.

Rules 2 and 3 are consistent with the area asymmetry of Stokes
V' profiles of 1.56 pm lines in sunspots near the solar limb
(Solanki et al. 1993b). To these three empirical rules we add a
fourth:

4. The maximum BBC of both the centre-side and limb-side
penumbrae shows a distinct centre-to-limb variation (CLV).
The BBC of both reaches a global maximum between p =
cosf = 0.7 and 0.8 (6 is the heliocentric angle).

The BBC of sunspots must still be considered unexplained. A
number of attempts have been made to explain the observations,
with increasing degrees of success, but no model exists which
explains the BBC without violating some other basic observa-
tion of sunspots. The shortcomings of earlier models by Illing et
al. (1975), Skumanich & Lites (1987), Auer & Heasley (1978),
Landmann & Finn (1979) and Makita (1981, 1986) have been
compellingly discussed by Sdnchez Almeida & Lites (1992),
and we shall not repeat their arguments. In addition to the in-
vestigations mentioned above, Illing (1981) proposed molec-
ular lines, whose V' profiles are very asymmetric even in the
absence of velocity gradients, as a possible source of the BBC,
but Makita (1986) demonstrated that it is definitely atomic lines
which are responsible for the bulk of the BBC. He thus also
ruled out continuum polarization as a source of the BBC in the
visible part of the spectrum, although it may contribute to the
measured signal in the infrared (Kemp & Henson 1983).
Finally, Sdnchez Almeida & Lites (1992) introduced a
model based on a smooth longitudinal gradient in the mag-
netic inclination, -, to the line-of-sight (LOS). Like Makita,
they qualitatively reproduce empirical rules 1-3 of the BBC,
but even a change in y of 40°~60° within the photospheric lay-
ers of the penumbra produces a BBC that is still three times
smaller than the observed values. Now, 40-60° is a very signif-
icant change in inclination over a height range of only 400-600
km and should produce considerable electric currents, as already
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Fig. 1. Sketch of the proposed 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 cylinder, and a
more inclined magnetic field, indicated by the field lines crossing the
flux tube at an angle
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Fig. 2. Sketch of the magnetic and velocity structure of the 3-layered
model, which schematically represents a vertical cut along the axis of
the horizontal flux tube. Indicated are the vertical direction in the at-
mosphere (z), the direction to the observer (LOS), the angle between z
and the LOS (6), the angles between the LOS and the magnetic vectors
of the horizontal and inclined magnetic components (7y; and 2, respec-
tively), the angle between the magnetic vectors of the two components
(A7), the velocities in the horizontal and inclined components (v; and
vy, respectively), and d, the diameter of the horizontal flux tube

noted by Sdnchez Almeida & Lites (1992). In particular, it is
over an order of magnitude larger than the limit on dy/dz set
by Solanki et al. (1993a). A large-scale d-y/dz of the magnitude
proposed by Sanchez Almeida & Lites would cause horizontal
static force balance in the sunspot to break down completely.
In the present paper we also model the BBC using cospa-
tial longitudinal gradients of v and of the LOS component of
the velocity, vios, but consider a 2-component penumbra with
differently inclined fields in the 2 components, as suggested by
the high-resolution observations of Beckers & Schroter (1969),
Degenhardt & Wiehr (1991), Title et al. (1992), Schmidt et al.
(1992), Lites et al. (1993) and Deubner et al. (1993). They find
that the magnetic field of neighbouring penumbral filaments has
inclinations which can differ by as much as 40°, giving the im-
pression that the penumbral magnetic field is ‘uncombed’. In
order to produce a BBC, however, the two components cannot
simply be horizontally separated from each other (as deduced
from the high-resolution observations), but must also partly be
vertically separated, i.e. magnetic field with one inclination must

Circular polarization of sunspots

overly differently inclined field in at least some of the filaments.
Consider, for example, a penumbral magnetic structure roughly
of the form outlined by Parker (1992), i.e. nearly horizontal
field lines emerging from the outer umbra or inner penumbra,
embedded in an inclined penumbral field. Further, let the hori-
zontal magnetic component be confined to discrete flux tubes,
so that the inclined field lines curve around these tubes, much as
a laminarly flowing fluid winds its way around a roughly cylin-
drical obstacle. Such a flux tube and surrounding field lines are
illustrated in Fig. 1. This picture of penumbral fine structures
is similar to that proposed by Wentzel (1992, see his Fig. 2). In
his model the horizontal flux tube originates from inclined field
which becomes unstable due to an upwelling in its footpoint,
leading it to its fall (fallen flux tube).

For the proposed model, a vertical cut passing through the
centre of the sunspot may in the penumbra be schematically
represented by a simple 3-layered atmosphere, with a layer of
nearly horizontal field sandwiched between layers of inclined
field. This simplified model basically corresponds to consider-
ing only the central plane passing vertically through the hori-
zontal flux tube, which greatly reduces the amount of radiative
transfer calculations required to obtain the synthetic BBC sig-
nal. The geometry of the field in this model is outlined in Fig. 2.
We have neglected changes in the azimuth x at the interface be-
tween the two magnetic components, as are bound to be present
in reality. A longitudinal gradient in x also produces a net cir-
cular polarization (Makita 1986), but since the inclined field
lines flowing around a horizontal flux tube (Fig. 1) give rise to
x gradients of opposite sign over the two horizontal halves of
the flux tube, we expect the net contribution of such small-scale
changes in x to be small (cf. Makita 1986, who showed that
switching the sign of the x gradient changes the sign of the net
circular polarization). In our model the inclination angle, -, at
the top of the atmosphere equals « at the bottom. Neverthe-
less, strong y gradients are present at the boundaries between
the layers of different inclination. In the next section we show
that the BBC produced at both the upper and the lower bound-
ary has the same sign if a field-aligned velocity is introduced.
Consequently, a net BBC is produced by the model, although
no net dy/dz is present in it. In Sect. 3 we present series of
test calculations which explore the BBC signature of the model
and its dependence on various parameters. Section 4 contains a
comparison between synthetic and observed BBC. In addition,
we demonstrate there that the proposed model can also explain
the cross-over effect. Finally, in Sect. 5 we discuss the results
and draw conclusions.

2. Basic considerations

In the absence of significant continuum polarization, which is
usually the case on the sun, an observable BBC is only produced
if the total area of the positive lobes of the Stokes V' profiles
in the observed wavelength interval is not equal to the area of
their negative lobes, i.e. if the integral over each V profile gives
a net circular polarization (NCP). For normal, 2-lobed Stokes
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V profiles the unsigned area of the blue lobe, A, must differ
from the red lobe area, A,., or equivalently,

6A=(Ay— Ar)/(Ap+ Ar) #0. M

For the mechanism based on longitudinal gradients of field
strength, B, and line-of-sight component of the velocity, v os,
proposed by Illing et al. (1975), which is mainly responsible for
the 6 A seen in solar plages (Grossman Doerth et al. 1988, 1989;
Solanki 1989; cf. Sanchez Almeida et al. 1988, 1989), Solanki
& Pahlke (1988) pointed out that the sign of § A depends on the
signs of the gradients of B and v os:

)

sign(§A) = —sign (deOS . _d|B|) ’

dr dr

where 7 is the continuum optical depth and v ps > O for a
velocity directed away from the observer. Similarly, we can also
predict the sign of the 6 A produced by gradients of v and v os:

. . dULOS dl CcoS ’y|
5A) = —sign  2oLos  GICOSTIY 3
sign(§A) = —sign ( o i 3)

The similarity between Egs. (2) and (3) is remarkable. Note
that Eq. (3) is only valid as long as cos-y does not change sign
along a ray within the formation height range of a spectral line.
Otherwise Stokes V' can assume a complex shape with three or
more lobes and the definition of § A (Eq. 1) breaks down.

Nevertheless, with the help of this relation, which we tested
numerically, we can illustrate that the asymmetry produced by
the upper and lower boundary of a horizontal flux tube embed-
ded in an inclined (penumbral) field has the same sign. Con-
sider the four simple cases shown in Fig. 3. The four subfigures
schematically represent (a) the upper boundary of a horizontal
flux tube in the limbward penumbra, (b) the upper boundary
of such a flux tube in the centre-side penumbra and (c) and
(d) the lower flux-tube boundary in the limbward and centre-
side penumbra, respectively. In this illustrative model we as-
sume that v # 0 only in the horizontal magnetic component,
i.e. v; # 0 and v, = 0 (throughout the paper all quantities re-
ferring to the horizontal magnetic component are identified by
subscript 1, those referring to the inclined magnetic component
by subscript 2). It may be seen from Fig. 3 that for the illus-
trated cases 180° > ~; > 7, > 90°, i.e. |cosy| > |cos v,
in the limbward penumbra, while 90° > v > v, > 0°, i.e.
| cos 2| > | cos 1], in the centre-side penumbra. Noting that 7
increases away from the observer, so that v pg > 0 is directed
towards increasing 7, we find that dv os/d7 and d|cos~y|/dT
in the four cases have the following signs,

285
(a) deOS >0 and M >0 ,
dr dr
d d
b O 0 and dicosal _, ,
dr dr
d d
(o) vLos <0 and M <0,
dr dr
d d
@ s oo e Yl g @)
dr dr

It then follows from Eq. (3) that A < 0 in all four cases,
i.e. the red lobe of Stokes V" has a larger area than its blue lobe.
Now, the NCP is given by [ VdA/ [I. d), so that the sign
of the NCP produced at the upper and lower boundaries is the
same. Consequently, a non-zero NCP is produced by the model,
although ~, B and v above and below the horizontal flux tube
are the same. Secondly, since § A is always negative and the
sign of Stokes V' changes from the centre-side to the limbward
penumbra, the sign of the NCP also changes, in agreement with
rule 2 (Sect. 1). Thirdly, since the sign of V' in the umbra and
the centre-side penumbra (1, v, < 90°) is opposite to the sign
in the limbward penumbra (v, 2 > 90°) and the red lobe of V'
is always stronger than its blue lobe, rule 3 also appears to be
satisfied. Furthermore, one can easily show that for a sunspot of
opposite polarity the NCP has the opposite sign (note that when
the polarity is changed the magnetic arrows reverse direction,
but the velocity arrows do not). Thus, even this simple qualitative
illustration demonstrates the promise of the current model. Next
we consider its implications more quantitatively.

We stress again that Egs. (3) and (4) are only valid if either
0 <y <90° 0r90° < v < 180° at all heights (i.e. if the mag-
netic field always has the same polarity relative to the observer).
An NCP is also produced if the magnetic polarity changes sign
along the line-of-sight, but Egs. (3) and (4) no longer provide
an adequate description of this case.

3. Numerical test calculations

We have carried out two sets of test calculations. The first for
two-layered models similar to those shown in Fig. 3, the second
for the three-layered model described in Sect. 1. We consider
the properties of the 2-layered model in some detail, since, due
to the presence of a single interface, its results are easier to in-
terpret and understand than those of the 3-layered model. Both
models have in common that the boundary between two layers
is sharp and that within each layer the magnetic and velocity
fields are homogeneous. The thermal stratification in all lay-
ers corresponds to an interpolation between the quiet-sun and
umbral models of Maltby et al. (1986), chosen such as to repro-
duce 1.56 pm line profiles observed in the penumbra (Solanki
et al. 1993b). For numerical convenience we let the width of
the boundary between two layers equal one step in the tabulated
atmosphere, i.e., Alog T =~ 0.1.

Following Sédnchez Almeida & Lites (1992) we consider
the g = 2.5, Fe 16302.5 A line, which is an often observed line
in sunspots. Atomic data for the line were taken from Moore
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Fig. 3a—d. Schematic representation of the magnetic geometry at the
upper (a and b) and lower (¢ and d) boundary of the central plane
of a horizontal flux tube containing a flow. The tube is embedded in
an inclined magnetic field. z, cos @, 1, 72 and A~ are indicated (see
Fig. 2)

(1972) and Thévenin (1990), and the radiative transfer was car-
ried out using a code incorporating routines written by Murphy
(1990), that are based on the DELO technique (Rees et al. 1989).
Using this line not only has the advantage that our calculations
can be compared to those of Sdnchez Almeida & Lites (1992),
but also that, being a medium-strong line, A 6302.5 Ais repre-
sentative of the lines most important for the production of BBC

S.K. Solanki & C.A.P. Montavon: Circular polarization of sunspots

(stronger lines give a greater NCP, but are rarer). For example,
in the spectral window of Makita & Ohki (1986), 5250 £ 7.5
A, a consultation of a solar spectral atlas suggests that there is
roughly one line of similar or slightly greater strength per A of
spectrum (and hardly any that are much stronger). Therefore,
integrating the synthetic V' profiles over a 1 A interval gives an
NCP which may be considered to be a conservative estimate
of the BBC expected in the spectral window of Makita & Ohki
(1986). Consequently, when comparing the model calculations
with the observations, we identify this NCP with the BBC.

3.1. Two-layered model

The two-layered model used for numerical calculations differs
from the one illustrated in Fig. 3 by the fact that we allow both
layers to have a velocity and also let the field strength be differ-
ent in the two layers. The results discussed in the present section
refer in general to a model in which the horizontal component
underlies the vertical component, but the results for the opposite
geometry are similar. We test the influence of different parame-
ters by ‘observing’ the model at different angles v = (1 +72)/2
for a sunspot of positive polarity. We usually vary -y between
0 and 180°, which roughly corresponds to following a sunspot
from one solar limb to the other. Although the variation of -~y
is coupled to a variation of 6, we find that if we vary only 8,
while leaving ~y fixed, then we obtain a practically negligible
change in NCP (Montavon 1992), so that the 6 variation can
be neglected, in agreement with Makita (1986). For simplicity
and consistency we therefore keep the continuum 7 level of the
boundary between the two layers, 73, constant. In the follow-
ing we describe the results of such calculations. We postpone a
quantitative comparison with the observations until Sect. 4.

First, consider the dependence on 7. Unsurprisingly, the
NCP is largest when the boundary between the layers lies at
a height at which Fe I 6302.5 A obtains a large contribution,
namely at —1 2 log7, & — 1.5. A more detailed discussion
of the influence of log 7, is given in Sect. 3.2. For the rest of
Sect. 3.1 we use log 7, = —1.5.

Next we consider the influence of the velocity amplitude.
Figure 4 shows the NCP as a function of ~ for differentv = v; =
vy (the velocity in both magnetic components is assumed to be
the same). B = By = B, = 1500 G and Ay = |y, — | = 10°
for all curves. Within the considered velocity range, which en-
compasses the typically observed, spatially averaged Evershed
velocities, the NCP reacts practically linearly to v. Changing v,
and v, by the same factor only changes the magnitude of the
NCP, but not its dependence on . The maximum NCP is pro-
duced at v = 90°. Note that in our model the LOS lies parallel
to the boundary between the two magnetic layers when v; =0
or 180°, i.e. when we ‘observe’ along the axis of the horizon-
tal flux-tube. At these ; values the NCP drops to zero. This is
indicated by the vertical line at v = 175° in Fig. 4.! Similarly,
the NCP disappears at v = 0 and 180°, since d| cosy|/dT = 0.

' This situation is also reached for v = —5°.
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Fig. 4. Net circular polarization (NCP, see the text for its definition) vs.
¥ = (71 +72)/2, the angle between the LOS and the average magnetic
field for a sunspot of positive polarity. Illustrated is the influence of
the velocity magnitude. Dot-dashed curve: v; = v, = 1 kms™', solid
curve: v; = v, = 2km s~ ', dashed curve: v; = v; = 3km s~!, where
vy is the velocity in the horizontal and v, in the inclined magnetic
component. Ay = 10° and field strength B = 1500 G for all three
curves
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Fig.5. NCP vs « for different v, /v, ratios. The v, /v; values of the
different curves are, from top to bottom in the left half of the diagram,
2,1.25, 1, 0.8 and 0.5. Note that v; + v; is not the same for all curves.
From top to bottom in the left half of the diagram: v; = 0.5,0.8,1,1,1
km s~ and v; = 1,1,1,0.8,0.5 km s™', respectively. Ay = 10°,
B =1500G

As illustrated in Fig. 5, the v, /v, ratio influences the shape
of the NCP curves significantly. A v; ¥ v, shifts the NCP peak
to ~y values closer to 0 or 180°. In addition, the NCP becomes
negative at some angles. This is important, since without such a
change of sign it is impossible to produce an NCP in the centre-
side penumbra which is of opposite sign to the NCP produced
in the limbward penumbra. The  at which the sign of the NCP
changes, 7o, is given by

vy cos (Yo — Av/2) = vy cos (7 + Avy/2). (5)

At 7 the LOS components of v; and v, are equal, so that
duros/d7 = 0 and accordingly §A = 0.

The magnitude of the maximum NCP also increases with
increasing asymmetry between v; and v,, since the maximum
dupps/dT also increases. This is not so clearly visible from

Circular polarization of sunspots 287

Net circular polarization [mA]

180

120

150

Average magnetic inclination angle v [°]

Fig.6. NCP vs. v for different A~. From top to bottom Ay =
40°, 30°, 20° and 10°. v; = v, = lkm s~', B = 1500 G

Fig. 5, since v + v, is not the same for all curves. The linearity
of the NCP’s dependence on v; and v, continues to hold (within
the range of tested values) in the sense that if, for example, the
NCP curve obtained with v; = 1km s~! and v, = 2km s™!
is added together with the curve for v; = 2kms~! and v, =
1km s, then the result is identical with the curve obtained for
vy =v, =3km s~ !!

Next, in Fig. 6, we show the NCP produced for Ay =
10,20, 30 and 40°, while keeping v; = v; = 1kms~! and
B = 1500 G fixed. Obviously, the NCP increases more strongly
than linearly with A~. This is not surprising, since for most ~y
values an increase in A~ not only increases d| cosy|/dr, but
also dvips/dr if v; and v, are both non-zero.

Another parameter whose influence we have tested is the
field strength B. We considered three cases, By = B, = B = 800
G, 1500 G and 2000 G, which cover the range of B values found
in the penumbra (e.g. Solanki et al. 1992). The parameter most
strongly affected by B is the absolute value of the NCP, but even
it changes by a factor of only 1.5 over the whole tested range of
B values.

Finally, we test the influence of differences between the
magnetic field strength in the two components on the BBC. In
Fig. 7 we show the results for B; = B, = 1500 G (solid curve),
By =1500 G, B, = 1700 G (dot-dashed curve) and B; = 1700
G, B, = 1500 G (dashed curve).? We chose the AB = | B, — B |
values following Degenhardt & Wiehr (1991).

3.2. Three-layered model

In this section we present results of test calculations based on a
3-layered model representing a vertical cut along the axis of a
horizontal flux tube embedded in an inclined field. This model
has one additional free parameter compared to the 2-layered
model, the diameter of the tube, d (see Fig. 2). We keep the
7 level of the lower boundary of the horizontal flux tube fixed
(irrespective of 7). However, since the flux tube has a fixed
2 The gas pressure was not adjusted to take into account dif-
ferences in the magnetic pressure.
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Fig.7. NCP vs ~ for different B; — B, values, where B; and B, are
the field strengths in the horizontal and inclined magnetic components,
respectively. Solid curve: B; = B, = 1500 G, dashed: B; = 1700 G
and B, = 1500 G and dot-dashed curve: B; = 1500 G and B, = 1700
G.Inall cases v2/v; = 0.8km s™!, Ay =20°

geometrical width (in the vertical direction), its width on the 7
scale varies substantially with . As in the 2-layered model, the
NCP disappears for v; = 0. We do not expect this artifact of
the model to be visible in real observations, since even minute
irregularities in inclination of the flux tube would lead to the
production of an NCP at this y value as well. In addition, for
a horizontal flux tube, v; = 0 is only reached right at the solar
limb.

The dependence of the NCP produced by the 3-layered
model on vy, vy, B, By, Ay and magnetic polarity is similar
to that obtained with the 2-layered model (Sect. 3.1). There-
fore, below we discuss only the parameters which are either
not present or give substantially different results from the 2-
component model.

The vertical diameter, d, of the flux tube also affects the NCP.
Itis largest for d ~ 150 km. For thicker tubes the BBC decreases
slightly (if the lower boundary is kept fixed at logT = —1),
since the contribution of the upper boundary decreases as it lies
at increasingly greater heights. For d < 150 km the flux tube
becomes optically thin, so that it contributes less and less to
the line, which then essentially sees only the layers of inclined
field. Consequently, the NCP drops rapidly with decreasing d.
For example, a flux tube with d =~ 70-80 km results in only half
the NCP of a flux tube with d = 150 km.

Finally, we find that in the 3 layered model we obtain a
sizeable NCP for a much larger range of heights of the lower
boundary of the flux tube [-2 < logmp(lower) < + 1 for
d ~ 150 km] than for the 2-layered model, since both bound-
aries now contribute to the NCP. We also find that although the
v dependence of the NCP is a strong function of log 7, of the
lower boundary, the averaged NCP produced by an ensemble of
tubes distributed randomly in height has a very similar -y depen-
dence to the NCP produced by a tube whose lower boundary
lies at logT = —1.5. Therefore, for the comparison with the
observations in the next section we use NCP curves computed
for flux tubes with their lower boundary at log7 = —1.5 and a
diameter d = 150 km.
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4. Comparison with observations
4.1. Broad-band circular polarization

The deliberations and calculations presented in Sects. 2 and 3
show that the proposed model, inspired by the recent detection
of ‘uncombed’ magnetic fields in sunspot penumbrae and the
A~ mechanism proposed by Sdnchez Almeida & Lites (1992),
satisfies the qualitative properties 1-3 (Sect. 1) of the observed
BBC:

1. The BBC is largest near v ~ 90°, i.e. close to the apparent
neutral line, if v; and v, are not too different.

2. If vy > vy, then for small v (0 < v < 45°), corresponding
roughly to the centre-side penumbra of a sunspot observed
near the limb, a small BBC of opposite sign to the BBC at
v 2 90° is obtained.

3. The proposed model gives the correct sign and polarity rule
of the BBC.

In addition, our model requires no strong global gradients of
the magnetic vector to produce a BBC, so that it also satisfies
the constraints on global magnetic gradients in the penumbra
set by Solanki et al. (1993a). In the present section we compare
the predictions of our model quantitatively with the measured
BBC values.

We compare mainly with the CLV of the BBC of 41 sunspot
groups observed by Makita & Ohki (1986). The CLV of the
BBC of the sunspot observed by Illing et al. (1975) lies within
the scatter of the observations of Makita & Ohki. Specifically
we compare the model calculations with the maximum BBC
values in the limbward and centre-side penumbrae as a function
of 0 (Fig. 3 of Makita & Ohki 1986). The maximum BBC has
the advantage that it is a unique and objectively determinable
quantity. Note, however, that due to smearing by the seeing, the
maximum BBC of the observations is averaged over a consid-
erable area in the penumbra.

When modelling the BBC we consider only fields with az-
imuths of 0° and 180°, i.e. we model a scan passing radially
through the sunspot in a direction perpendicular to the limb. For
a given 6 value we calculate the NCP of Fe 1 6302.5 A, using the
3-layered model, at five radial positions in each (i.e. limb-side
and centre-side) penumbra. These positions and the correspond-
ing magnetic inclination angles relative to the vertical, v/, are
indicated by the arrows in Fig. 8. The variation of 4’ with r /1),
corresponds to an average over the published observational val-
ues compiled by Solanki & Schmidt (1993). As noted in Sect. 3,
the calculated NCP corresponds roughly to the BBC expected
for the wavelength interval observed by Makita & Ohki (1986).

For simplicity — the nature of this investigation is ex-
ploratory — we make a number of assumptions:

A~ is kept constant throughout the penumbra.

The atmosphere is assumed to be the same in all three layers.
vy and v, are taken to be independent of spatial position.
B = B, = B is independent of 7 /7y,

The profiles are calculated along a single ray at each spatial
position in the penumbra.

nswn -
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Fig. 8. Illustration of the positions in the sunspot and average magnetic
inclinations ' (angle between the vertical and the magnetic vector,
averaged over both magnetic components), adopted when comparing
with the observations
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Fig. 9. Broad-band circular polarization (BBC) in the limb-side (solid)
and centre-side (dashed) penumbra vs. 1 = cos 6. Thin curves represent
observed BBC values, thick curves synthetic values produced by a 3-
layered model with v; = 2kms™' and v, = 1.6kms™' (see text,
Sect. 4.1, for details)

Assumptions 1-3, and partly 4, reflect the uncertainty in our
empirical knowledge of many aspects of the fine-scale structure
of sunspot magnetic fields. In order to take the limited spatial
resolution of the observations into account, we average the BBC
produced at all five radial positions in each penumbra. This may
be too conservative, but we recall that by restricting ourselves to
azimuths 0 and 180° in the model calculations, we have already
selected the azimuths which we expect to give the largest BBC.
Note thateven if we do not spatially average at all, we still obtain
similar results.

Observed and synthetic maximum BBC values are plotted
vs. 1 in Figs. 9 and 10. The thin curves represent the observa-
tions, the thick curves the results of the modelling. Solid curves
refer to the limbward penumbra, dashed curves to the centre-side
penumbra. For each penumbra we plot three observed curves.
The middle curve is our estimate of the average of the measured
maximum BBC values based upon Fig. 3 of Makita & Ohki
(1986). The two outer curves are upper and lower envelopes to
the data points and indicate the variation of the maximum BBC
from one sunspot to the next. Figures 9 and 10 differ only in
the curves due to the model. In Fig. 9 the underlying model pa-
rameters are v; = 2km s™!, v, = 1.6km s~! (i.e. v, /v; = 0.8),
A~ =20°, B =1500G and d = 150 km, while in Fig. 10 they
arev; = 2kms~! and v, = 1.2km s™! (i.e. v, /v; = 0.6). The
other parameters are the same as in Fig. 9.
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Fig. 10. Same as Fig. 9, but with synthetic curves produced by a model
with vy = 2km s~ and v, = 1.2km s~

From a comparison between the two figures we note that the
v /vy ratio affects the maximum BBC in three different ways:

a) The BBC becomes larger as v, /vy decreases.

b) wv,/v; changes the ratio between the BBC of the limbward
and the centre-side penumbra. The ratio approaches —1 for
Uy / v L 1.

¢) The p at which the BBC reaches its global maximum
changes with v, /v;.

Obviously v, /v = 0.6 reproduces the observations better than
vz/v1 = 0.8. The match to the data is quite reasonable, given
the fact that we have only varied a single free parameter, v, in
our simple model in order to fit the data (all other parameters
have been kept fixed at values compatible with the observations
or appearing otherwise reasonable, e.g., vy, B, v, T, A%).

Note that v, /v; > 1 produces a BBC which differs quali-
tatively from the observations and can be ruled out. Thus, the
measured BBC implies that the Evershed flow, although field-
aligned, is on average more horizontal than the magnetic field,
in agreement with direct measurements of the Evershed effect
(e.g. Maltby 1964; Title et al. 1992). Given the large scatter
in the measurements, the simplicity of the model and the un-
certainties in free parameters such as B;/B,, we refrain from
fine-tuning the model further in order to improve the fit.

There are claims in the literature that the Evershed flow
is restricted to, or at least enhanced in, dark penumbral fila-
ments (e.g. Abdussamatov & Krat 1970; Mamadazimov 1972;
Stellmacher & Wiehr 1980; Title et al. 1992). This observation
implies that only half or even less of the penumbral surface con-
tributes to the spatially averaged BBC. The high efficiency of
sharp interfaces in producing a BBC has the advantage that, for
observationally consistent parameter values (Ay & 40°, v ~ 2
km s~ 1), we can still easily reproduce the observed magnitude of
the BBC if only the dark or only the bright filaments contribute.

Finally, we note that the wavelength dependence of the
BBC measured by Kemp & Henson (1983) should be relatively
straighforward to reproduce in general terms since it mainly
reflects the density of lines (e.g. Miirset et al. 1988), except
possibly in the infrared (see Kemp & Henson 1983). However,
before modelling the BBC’s wavelength dependence, a more
thorough investigation of the NCP produced by spectral lines
with widely different properties must be carried out, which is
beyond the scope of the present paper.
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4.2. Crossover effect

The crossover effect was first described by Babcock (1951)
on Ap stars. In sunspots it has been observed or modelled
by Grigorjev & Katz (1972, 1975), Golovko (1974), Mickey
(1985a,b), Skumanich & Lites (1991) and Sdnchez Almeida
& Lites (1992). The observed V profiles typically have three
(and sometimes more) lobes near the apparent neutral line in
the penumbra and lose their usual, more-or-less antisymmetric,
2-lobed appearance, while Stokes I, Q) and U appear relatively
normal (Sanchez Almeida & Lites 1992). Golovko (1974) and
Skumanich & Lites (1991) model the anomalous profile shapes
using two magnetic components of opposite polarity. By intro-
ducing a velocity difference between the two components, it
is possible to reproduce the observed profile shapes. Grigorjev
& Katz (1975) and later Sanchez Almeida & Lites (1992) pro-
duced V profiles exhibiting the crossover effect using a single
magnetic component and longitudinal gradients in v os and ¥,
or v ps and 7.

As Fig. 11 shows, our model also produces atypical V' pro-
files near v = 90°. For the parameter values underlying the plot-
ted profiles (3-layered model, Ay = 30°, v; =2km s~!, v, =
1.2km s™!, B =1200 G), Fe 16302.5 A shows a maximum of
three Stokes V' lobes. Note that the V profiles for v ~ 90° are al-
most completely positive, with practically no negative lobe. This
demonstrates the efficiency of the model in producing asymmet-
ric V profiles and an NCP. For larger ratios of Zeeman splitting
to non-magnetic line width, the line profile shape can be more
complex with a greater number of peaks.

Therefore, the proposed model not only reproduces the ob-
served BBC, but simultaneously also explains the crossover ef-
fect near the neutral line.

o T N
—AT——

Stokes

6302.0 6302.5

6303.0

Wavelength [4]

Fig. 11. Stackplot of synthetic Stokes V' profiles of Fe I 6302.5 A, pro-
duced by a 3-layered model with vy = 2km s, v, = 1.2kms™!, B =
1200 G, A~ = 30° and d = 150 km, near the apparent neutral line for
0 = 60°. The line profiles have been broadened by a macroturbulence of
2.5km s~ '. From top to bottom v = 100°,95°,92.5°,90°, 87.5°, 85°
and 80°
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5. Discussion and conclusions

In the present paper we have investigated the broad-band cir-
cular polarization produced by a simple model of the magnetic
field in the penumbra. The model consists of layers with dif-
ferent magnetic inclinations containing field-aligned flows. It
serves as a schematic representation of relatively horizontal
tubes of magnetic flux embedded in an inclined penumbral field,
based loosely on observations of ‘uncombed’ fields in sunspot
penumbrae. It shares a number of features with the model of
penumbral magnetic structure proposed by Wentzel (1992). The
broad-band circular polarization is produced by the change in
the magnetic inclination between two layers, A+, so that it re-
lies mainly on the mechanism proposed by Sénchez Almeida &
Lites (1992).

We show that if we assume values for the free parameters in
the model that are supported by independent observations, then
we not only reproduce the qualitative aspects of the observed
BBC, but also obtain a reasonable quantitative fit to the observed
CLV of the BBC, as well as a natural explanation of the crossover
effect.

Consider now the consequences of the present work. Firstly,
we have presented a simple relation predicting the sign of the
Stokes V' area asymmetry produced by gradients in velocity
and magnetic inclination. From this sign it is straightforward to
obtain the sign of the BBC.

Secondly, we have demonstrated that it is possible to repro-
duce BBC observations without having to introduce a global
change of the field strength, vertical magnetic inclination or
the magnetic azimuthal angle in the sunspot. In our model a
considerable BBC is produced even if the magnetic inclination,
field strength, and azimuth at the bottom of the atmosphere are
the same as at its top. This property removes the main obsta-
cle faced by the A~y mechanism proposed by Sdnchez Almeida
& Lites (cf. Solanki et al. 1993a). Consequently, the observed
BBC does not necessitate a flattening of the field lines with
depth, in contrast to the conclusion drawn by Sdnchez Almeida
& Lites (1992). They invoked this particular geometry of the
field in order to be consistent with the often quoted increase of
the Evershed velocity with depth (e.g. St John 1913; Schréter
et al. 1989).

We see two straightforward minor extensions of our model
which make it qualitatively consistent with the observed change
in the Evershed line shifts and asymmetries with line strength.
The first possibility is to superpose a smooth vertical velocity
gradient onto the velocity field of the model used so far. An
example of such a modified velocity structure is to have v; and
v values which decrease smoothly with height. The very rapid
changes in v ps at the boundary of the horizontal flux tube
remain, so that the BBC signature of the model should not be
significantly affected (the rapid change in vy os at the interfaces
is vastly more efficient in producing a BBC than the gradual
change in v pg; Solanki 1989).

Another way of reproducing observations of the Evershed
effect with a model such as ours has been pointed out by Degen-
hardt (1993). He showed that the very extensive data of Ichimoto
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(1987) can be reproduced even by a velocity that increases with
height, if the “filling factor” of the flowing material decreases
with height. For our model this means that neither v; nor v,
need vary with height in order to reproduce the Evershed obser-
vations. It is sufficient if the number density of horizontal flux
tubes decreases with height. The expected observational signa-
ture of such a distribution depends on the size of the spatial
resolution element relative to the width of the individual flux
tubes. If the flux tubes are spatially unresolved, then the pro-
posed decrease in number density with height should lead to the
line shifts and asymmetries measured at relatively low spatial
resolution (cf. Degenhardt 1993). If the flux tubes are resolved,
then the line shifts and asymmetries should depend strongly on
spatial position. High spatial resolution line profile observations
show different (Stokes I) asymmetries in bright and dark fila-
ments and from one bright, or dark, filament to another (Wiehr
etal. 1984). This may constitute support for the proposal that the
number density of horizontal flux tubes decreases with height.
It also suggests that these observations are beginning to resolve
the flux tubes, i.e., they do not average over many of them, but
further observations and modelling are required to decide these
points.

The third consequence: The presence of vertical magnetic
interfaces in the penumbral photosphere. One major difference
between high resolution images and BBC observations is that
while the former provide information on the horizontal geom-
etry of the field, the latter contains information on its vertical
structure. It is easy to see that without a vertical stratification
the observed BBC cannot be reproduced, even if horizontally
neighbouring filaments have highly different inclinations (e.g.
no BBC would be produced at azimuths 0 and 180°, just where
the observed BBC is largest). Thus the very presence (and the
strength) of the observed BBC implies the existence of strong
vertical inhomogeneities in the magnetic vector. By combining
the results of high-resolution and BBC observations we, there-
fore, begin to obtain a rudimentary empirical picture of the 3-D
structure of the fine-scale magnetic field in the photospheric
layer of sunspot penumbrae.

The magnetic field is composed of two components. The
more horizontal component of the field is filamented into struc-
tures with a horizontal width of at the most a few hundred km —
itcorresponds roughly to the width of the white-light penumbral
filaments (e.g. Title et al. 1992) — and a vertical diameter which
we expect to be greater than 30—-50 km, a limit set by the fact that
a single tube thinner than 30-50 km does not give a sufficiently
large BBC signal to reproduce the observations. This limit must
be considered weak, since it may be possible to enhance the
BBC by placing many thin flux tubes below each other at the
correct separation. The following argument suggests a rough
upper limit on the vertical diameter of the flux tubes. At least
one (upper or lower) boundary of the horizontal filament must
lie within the formation height range of medium-strong lines
over more than roughly 30% of the penumbral surface in order
to reproduce the observed magnitude of the BBC for reasonable
A~ and v. Unless there is a physical mechanism which ensures
that one boundary lies within this relatively narrow range, this
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condition will be fulfilled only if the filaments are not much
broader than the height-range of line formation, i.e. 200-300
km and if the vertical distance between two neighbouring fil-
aments is of a similar order. The more vertical component of
the field, according to this picture, threads its way around the
horizontal filaments, as illustrated in Fig. 1. In many ways the
magnetic structure proposed here is similar to the fallen mag-
netic flux tube model of Wentzel (1992) and our horizontal FTs
may well correspond to fallen tubes. Note, however, that nei-
ther the physical processes leading to the formation of fallen
tubes nor their detailed structure enter into our model. Its suc-
cess supports, but by no means proves the existence of fallen
flux tubes.

Fourthly, the presence of two magnetic components with the
outlined structure implies a local variation of the field strength
with height. At a height at which horizontal filaments lie rela-
tively close together, the field strength is higher (in both com-
ponents) than at a height at which only a relatively inclined
field is present (purely due to geometrical and flux conserva-
tion arguments). At present it is unclear whether this small-
scale fluctuation of B is responsible for the excess o-component
widths of the 12 um emission lines in the penumbra (Deming
et al. 1988; Hewagama et al. 1993; cf. Wentzel 1992), but it
may explain why vertical field strength gradients determined
by comparing B measured in two spectral lines with different
formation heights are much larger than gradients derived from
vector magnetograms using div B = 0 (e.g. Hagyard et al. 1983;
Hofmann & Rendtel 1989). When applying the latter technique
always a single magnetic component has been assumed. In a
more realistic and complex 2-component structure, larger verti-
cal gradients of B are compatible with relatively homogeneous
transverse fields (at the low spatial resolution of the observa-
tions) and divB = 0.

Fifthly, the present analysis supports observations suggest-
ing that the Evershed flow is more horizontal than the magnetic
field (e.g. Maltby 1964; Title et al. 1992). Within the constraints
of our simple model we find that the velocity in the more hor-
izontal magnetic filaments is 1.5-1.7 times larger than in the
more vertical component. Not the exact numerical value of the
velocity ratio is important, since we expect it to be changed
considerably by a more detailed model, but rather the fact that
the velocity is larger in the horizontal magnetic component. The
BBC thus provides a spatial-resolution independent, if model-
affected, means of determining the velocity ratio in the two
components. The fact that the velocity is more horizontal than
the magnetic field also provides an, at least qualitatively correct,
explanation for the observation that the velocity neutral line in
general lies on the centre-side of the magnetic neutral line (see
Pevtsov 1992 and references therein).

Note that although we have, for simplicity, assumed the Ev-
ershed effect to be due to a mass flow, another mechanism for
producing net line shifts, e.g. waves (Maltby & Eriksen 1967;
Darconza 1992; Biinte et al. 1993), should, in principle, also
result in a BBC of similar magnitude.

In spite of the surprising success of the proposed simple
model, we cannot as yet rule out other geometries (e.g. in-
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clined flux tubes embedded in a relatively horizontal field, or
intertwined flux tubes with different inclinations). Nevertheless,
we are confident that further investigations of the BBC will
yield additional constraints on the structure of sunspot mag-
netic fields. We feel that the most important steps needed to
realize the potential of the BBC as a diagnostic are improved
observations of the BBC and the introduction of more realism
into the model. Higher spatial-resolution observations and cor-
relations with other magnetic or thermodynamic parameters,
e.g. v/, B, temperature, would be useful. An improvement in
our knowledge of the exact small-scale variation of 4/, B, v
and continuum intensity would also be of great advantage. Fu-
ture investigations should incorporate the information obtained
from quantitative analyses of the difference in position of veloc-
ity and magnetic neutral lines. Proposed improvements to the
model include calculating the V profiles along numerous rays
passing through the horizontal flux tube, taking into account the
small-scale variation of the azimuthal angle of the field, as well
as considering lines-of-sight for which the net azimuth of the
field is not zero. Finally, the dependence of the NCP on line
parameters like equivalent width and Landé factor also need to
be investigated.
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