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Abstract. We analyse the relationship between the temperature
and the magnetic vector, as derived from 1.56 pm spectra, in
a simple sunspot. Due to the high Zeeman sensitivity of the
g =3, 1.56 pm line, we can study this relationship throughout
the sunspot. We confirm the field-strength, B, vs. temperature,
T, relationship found by Kopp & Rabin (1992). In addition,
we also find a linear relation between the magnetic inclination
angle, v/, and T'. An analysis based on the assumption of mag-
netohydrostatic force balance gives an estimate of the Wilson
depression, Zw, throughout the sunspot. Our analysis supports
ajump in Zw of 200-500 km at the umbral boundary and agrees
with a relatively constant Zw in the penumbra. In addition, we
constrain various gradients of magnetic parameters and judge
the strength of magnetic curvature forces. For example, we set
tight limits on the vertical gradient of v/, the magnetic inclina-
tion angle to the vertical, in the penumbra. Finally, we discuss the
consequences for, e.g., the model proposed by Sanchez Almeida
& Lites (1992) to explain the broad-band circular polarization
measured in sunspots.
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1. Introduction

The radial temperature distribution of a sunspot in magneto-
hydrostatic (MHS) equilibrium is related to the structure of its
magnetic field. Such arelationship was first predicted by Alfvén
(1943) and has been theoretically and observationally investi-
gated by, e.g., Cowling (1957), Dicke (1970), Maltby (1977),
Martinez Pillet & Vazquez (1990, 1993) and Kopp & Rabin
(1992). See Martinez Pillet & Vazquez (1993) for a detailed
overview of the observational work on this subject. If magnetic
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curvature forces are neglected, then theory predicts a simple
relationship between the vertical magnetic component, B, or
alternatively the field strength, B, and temperature, 7', at a given
height. Observations in the visible have so far been restricted
to the umbra, where they indeed support a linear relation be-
tween the squared field strength, B2, and T. Martinez Pillet &
Vézquez (1990) pointed out that this relationship can be used
to estimate the Wilson depression, Zy, in the umbra. Recently,
the relationship between B and 7' has been investigated using
spectra at 1.56 pm (Livingston 1991; Kopp & Rabin 1992). In
the umbra these spectra confirm the results obtained in the visi-
ble. Due to the superior Zeeman sensitivity of the 1.56 pm lines
(see, e.g., Solanki et al. 1992a, Paper II of the present series),
Kopp & Rabin (1992) were able to extend the empirical B2
vs. T relationship out to the visible boundary of the sunspot.
Unexpectedly, outside the umbra, they saw strong departures
from the predicted linear relationship, and they only analysed
the umbral portion of their data in detail.

In the present paper we also investigate the connection be-
tween the magnetic field and temperature of a sunspot, as derived
from 1.56 pum spectra. We improve on previous investigations
in three respects:

1. We use measurements of both B and the inclination angle,
~', of the field to the vertical,! so that we can investigate the
relationship between the magnetic vector and 7.

2. We analyse in detail the B, vs. T relationship individu-
ally at each observed position in the sunspot, including the
penumbra.

3. We consistently obtain relevant physical parameters from a
set of theoretical model atmospheres, thus significantly re-
ducing the simplifications and assumptions introduced into
the analysis.

! We write /' instead of +y in order to distinguish it from the

angle between the magnetic vector and the line of sight generally
denoted by +y (cf. Paper V, i.e. Solanki et al. 1992b).
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Fig. 1. Contours of the umbral and penumbral boundary of the sunspot.
The small circles represent the positions at which spectra were ob-
tained. The three slices through the sunspot are numbered near their
starting positions. The arrow points towards the centre of the solar disc

Using the g = 3line at 1.56 pm has the additional advantage that
it measures the field strength close to the continuum-formation
level, at which T is determined. Due to the generally small
vertical gradient of B in sunspots, the B measured with the
1.5648 pm line is a very good approximation of B (116 = 1).
Thus, one of the assumptions underlying the interpretation of the
B-T relationship, namely that B and T  refer to the same height,
is fulfilled to a high degree. Note that all 7 values in the present
paper refer to solar disc centre. Like previous investigators we
average over magnetic and thermal fine structure.

2. Observed relationships and stray light
2.1. Observed relationships

The current investigation is based on data described and anal-
ysed in Paper V of the present series (Solanki et al. 1992b).
The data are composed of Stokes I and V spectra of the Landé
g =3 Felline at 1.5648 pm, obtained in a relatively symmetric,
mature sunspot close to solar disc centre (11 = cosf = 0.985).
Outlines of the sunspot and of its umbra are shown in Fig. 1.
Three slices were taken through the spot (marked 1,2,3 in Fig. 1).
Each circle marks the position at which a spectrum was obtained.
For the current analysis we only consider the data points lying
within the visible contours of the sunspot. In addition to these,
for a part of the analysis we have also used six spectra obtained
in the immediate vicinity of the point marked ‘darkest part’.
As described in Paper V, B and 7' were determined by fitting
the observed profiles with calculated I and V profiles using an
inversion technique. For the present investigation we only need
the B, v’ and relative continuum intensity values at each spatial
position.

We first convert the continuum intensity, /., into tempera-
ture, T', using the Planck function, i.e. by solving the equation

ehC//\kBTo — 1

I,
To  ehe/ ksT _ 1 M
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Fig. 2. Magnetic field strength, B, vs. temperature at unit continuum
optical depth, T'(11.6 = 1). The symbols represent different halves of
the 3 sunspot slices. Stars = left (first) half of slice 1, plusses = right
(second) half of slice 1, ‘Z’ = limbward half of slice 2, ‘Y’ = diskward
half of slice 2, ‘X’ = limbward half of slice 3, open circles = diskward
half of slice 3

for T'. Here h is Planck’s constant, c is the speed of light, kp
is Boltzmann’s constant and A is the wavelength at which I,
is measured. Ty and I are quiet sun values. In the remainder
of the paper subscript O refers to the quiet sun. The I. used
for this purpose is already corrected for the non-magnetic stray
light determined in Paper V. In accordance with the Eddington-
Barbier relation Ty = To(71.6 = 1), which we take from the quiet
sun model of Maltby et al. (1986), so that the derived 7" should
correspond closely to T'(1; ¢ = 1) at the relevant position in the
sunspot. Due to the opacity minimum at 1.6 um, 7; ¢ = 1 refers
to deeper and hotter layers than 79 s = 1. The Eddington-Barbier
relation is, of course, only an approximation and an additional
source of uncertainty.

Figure 2 shows the resulting B vs. T  relationship. It is very
similar to the one seen by Kopp & Rabin (1992) for six sunspots.
In particular, our data also show a plateau at the umbral bound-
ary. The presence of such a plateau simply reflects the fact that
the temperature changes rapidly at the umbral boundary, while
the field strength does not. The different symbols represent the
six half-slices through the sunspot. They suggest that although
the relationship is relatively independent of azimuthal position
in the spot, some systematic trends nevertheless exist. For exam-
ple, compare the stars with the ‘Y’ symbols. The largest scatter
in the figure is seen at the umbral boundary and at the outer edge
of the penumbra. Since these positions are the most susceptible
to stray light, it is not clear whether the scatter is intrinsic to the
sunspot, or is due to stray light (see Sect. 2.2).

In contrast to previous investigators, we also have v’ values
at our disposal. Remarkably, these show a linear dependence on
T (Fig. 3). The umbral boundary is only identified by the in-
creased scatter and the lower density of points. Apparently, the
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Fig. 3. Angle of inclination, 4/, of the magnetic vector to the surface
normal vs. T'(11.¢ = 1). The symbols have the same meaning as in Fig.
2. The straight line is a least-squares fit to the data
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Fig. 4. Vertical magnetic component, B, vs. T(116 = 1)

field changes considerably in inclination at the umbral boundary
over a short horizontal distance. If the field were close to poten-
tial, then +/, like B, would form a plateau at the umbral bound-
ary. The linear relation between v’ and T greatly influences the
B, vs. T and B, vs. T diagrams (Figs. 4 and 3, respectively),
where B, is the vertical and B, the radial component of the
field (following the arguments given in Paper V, we consider an
untwisted field). Basically, Figs. 2-5 give the following picture.
Although the field strength does not change when passing from
the umbra to the penumbra, the magnetic orientation becomes
rapidly more horizontal (at the, possibly variable, height of line
formation).
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Fig. 5. Radial magnetic component, B, vs. T(11.6 = 1)

Note that the rapid 4’ change at the umbral boundary is far
less obvious in the representation of 4/ vs. position chosen in Pa-
per V, although, with the help of hindsight, such a rapid change
in ' can be seen in the plots of the individual slices through the
sunspot (Figs. 4d, 5d and 6d of Paper V). The rapid variation
is smeared out and hidden by the variable umbral radius, r,,,
in the standard representation of 4 vs. radial distance r from
the centre of the spot (Fig. 8b of Paper V). This may explain
why such anomalous behaviour of 4’ has not been recognized
earlier. Support for a rapid change of 7' at r,, is provided by the
rapid change of the o-to-7 ratio of the 1.5648 pm line found
by McPherson et al. (1992). Nevertheless, we cannot rule out
a distortion of the ' vs. T' curve due to some hidden system-
atic error. Recall that 4’ is less reliably determined than B. An
independent confirmation of the v'~T" relationship, based on
suitable data, would be welcome.

2.2. Effects due to stray light

Stray light can affect the relationships between B, 7/, etc. and
T. In Paper V we estimated the non-magnetic stray light in the
penumbra and at some positions in the umbra directly from the
fits to the line profiles (it was a free parameter of the inver-
sion). The I, that we use is already corrected for this straylight
component. Except very near the outer penumbral edge, the non-
magnetic stray light was found to contribute less than 5-10%
to the total signal. The small amount of stray light is in keeping
with the benign atmospheric conditions during the observations
(granulation was clearly visible throughout) and the large and
regular size of the spot (see Brinkle & Mattig 1965).

In addition to the non-magnetic stray light, there is also stray
light coming from within the sunspot (magnetic stray light).
Over most of the spot this component of the stray light simply
leads to an averaging and a consequent loss of spatial resolution
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(e.g., we average over most of the fine structure in the penum-
bra). The magnetic stray-light component is most important near
the umbral boundary (e.g. Birkle & Mattig 1965) and we dis-
cuss its influence there. On the umbral side of the boundary, stray
light from the penumbra enhances the continuum intensity. It
may slightly shift the o-components of the line (mimicking a
slightly lower field strength) and it increases the 7-to-o ratio,
making the field appear more horizontal. On the penumbral side
of the boundary, the continuum intensity suffers from losses into
the umbra, while the line profile shape is affected most by stray
light from the nearby penumbra. In Figs. 2-5 the largest effect
due to stray light (and finite spatial resolution) is expected for
the points with 5500 K < T'(r6 = 1) S 6500 K. Since for
these points the error in 7" is much greater than in B, we expect
stray light to shift points mainly in a horizontal direction in these
figures. Under perfect conditions we would expect the number
of points between 5500 K and 6500 K to be greatly reduced,
but the plateau at approximately 2400 G in Fig. 2 is expected
to remain and possibly even be extended towards higher and
lower temperatures. The removal of stray light should decrease
~' near the umbral boundary, but to first order should not affect
the large change in y’ visible in Fig. 3 between 5500 K and 6500
K. Thus the two main features of the observations at the umbral
boundary are not expected to be greatly affected by stray light.

It remains to be shown that the spatial variations of the um-
bral brightness is real and not an artifact of magnetic stray light.
In the umbra Martinez Pillet & Vazquez (1993), who take great
pains to remove stray light, find a very similar relation between
B and T'. In particular, they find sizable variations in 7" within
the umbra. The very high resolution images of Livingston (1992)
also show considerable brightness structure within the umbra.
We do not expect our sunspot to differ qualitatively from the
others. Another question, namely why the darkest point (which
does not lie in the centre of the umbra) is associated with the
largest field strength, cannot be answered convincingly unless
the umbra is inhomogeneous in brightness (the inhomogeneity
in the magnetic splitting in the umbra is much too large to be
explained away by stray light). Also note that even without a
stray-light correction, the darkest point in the umbra is cooler
than the coolest of the 3 Maltby et al. (1986) models describing
the dark cores of sunspots.

In addition to the continuum intensity we also have 2 other
diagnostics of the temperature in our data set, namely the CN
15646.2 A line and the OH doublet at 15650.7 A. Both lines
show considerable variations across the sunspot and in particular
within the umbra (see Figs. 4-6 of Paper V). While the depth of
the OH line is beautifully anticorrelated with 7" in the umbra, the
CN line shows a direct correlation. This contrasting behaviour
again cannot be explained in terms of stray light, but only by a
true variation of the temperature in the umbra.

Finally, there is the question whether the temperature varia-
tion in the penumbra is real or is an artifact of stray light. This is
difficult to judge objectively, but its influence on the results of
the present paper is not significant. The temperature enters into
the analysis only through the gas pressure (Sect. 3) which is not
strongly affected by the temperature variation in the penumbra
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(Fig. 8). Thus the uncertainty introduced into the penumbral
results by the uncertainty in the amount of stray light is not ex-
pected to be larger than the quoted errors (50 km uncertainty
in Zw due to measurement errors over most of the spot). We
expect that the main uncompensated influence of the stray light
on the results is to smear out the thermal boundary of the umbra
and to increase the uncertainty of Zyw there. This must be borne
in mind when considering the results of the present analysis.

3. Interpretation
3.1. Previous work

The first step of the derivation of a theoretical relationship be-
tween the magnetic vector and 7" is the integration of the radial
component of the MHS force-balance equation in cylindrical
symmetry (see Maltby 1977 for a clear derivation and a list of
assumptions). This step gives a relationship between B,, B,
and gas pressure P,

Py(z) — P(r, 2)

a /
= 1 B(r,z) + 2/ B.(r', z)gM dr’
81 - 0z

= BX(r, 2)/87 + F.(r, 2)/87. (3)

Here r and z denote the radial and vertical coordinate, respec-
tively (with » = O corresponding to the symmetry axis of the
sunspot), and a is the radial distance of a point that lies outside
the sunspot (assumed to be in the quiet sun). In practice, one can
take a > r,, where 7}, is the radius of the visible sunspot. F
represents the curvature integral. Note that Eq. (3) is valid only
at a constant height, z. Following the convincing arguments of
Maltby (1977) we neglect velocity terms (measured Evershed
velocities are always clearly subsonic).

The gas pressure within the sunspot, P(r, z), may be elimi-
nated by introducing the equation of state (ideal gas law), giving

T(r,z) _ m(r,z) po(2)

_ BX(r,2) + F(r, 2)
To(z) ~ mo(2) p(r,2)

87 Py(2) ’

@

where p is the gas density and m the mean molecular weight.

Early investigators simply pointed out the qualitative agree-
ment in the umbra between theoretical prediction (I' ~ B?)
and umbral observations (T' ~ B?). Martinez Pillet & Vazquez
(1990) proposed that Eq. (4) can be used to obtain an estimate
of the Wilson depression, Zw, which we define as

Zw(r,N) =z(ros =17 >rp) — 2(my =1,7) = —2(1\ = 1, 7),

where 7 is continuum optical depth at wavelength A for vertical
incidence and z increases in the direction of decreasing 7. Fol-
lowing the usual practice we set z(7p.s = 1) = 0 in the quiet sun.
Unless a wavelength is explicitely specified in the following,
Zw signifies the Wilson depression at 1.6 pm.

The basic idea is to make use of the fact that Eq. (4) is valid
for a fixed z. If, using Eq. (4), the gas pressure in the quiet
sun, Py(z), can be determined from the B and 7" measured in
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Fig. 6. Gas pressure at the continuum-forming layer, P(7j¢ = 1), vs.
T(11.6 = 1). See text (Sect. 3.2) for details

the sunspot, then a comparison of P with a standard quiet-
sun model can be used to fix the height at which B and T'
are determined. Martinez Pillet & Vazquez (1990, 1992) first
rewrite Eq. (4) slightly:

T(r,z) _m(r,z) po(z) To(z)
To(z=0) mo(2) p(r,2) To(z = 0)

1+ f(ra Z) 2
X (1 — WB (7", Z)) y (5)
where
1
f(r,z)= m (Fc(ﬂ z) — BE(T: Z)) . (6)

Restricting themselves to the umbra, they simplify Eq (5) further
by assuming that

m(r, z) po(z) To(2) _ const
mo(2) p(r, 2) To(z = 0)
and D

f(r,z) = const

for all points in the umbra. Then, for a prescribed value of f, a
regression is made through all (B, T')-pairs in the umbra, from
which Fy(z) may be deduced. By looking up the z at which the
gas pressure in a tabulated quiet-sun convection-zone model
(e.g. that of Spruit 1977) equals the derived F,, an estimate of
Zyw is finally obtained.

Martinez Pillet & Vazquez (1990, 1992) and Kopp & Rabin
(1992) obtained reasonable values of Zyw with this technique
for 0 < f < 1. We have also applied it to our umbral data and
find Zw values between 470 and 1000 km for —0.5 < f < 1.

Martinez Pillet & Vézquez (1992) argue that variations in
m, p, Tp, etc. do not invalidate their approach; only the derived
Zw becomes an average Wilson depression of the umbra. Their
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argument may well be valid in the umbra. Outside the umbra,
however, we face a much larger range of Zyw values and the
approach just outlined cannot be used without making addi-
tional, unsupported assumptions. This robs the 1.56 ym spectra
of their main advantage, namely the ability to extend the B-T
relationship to the whole sunspot.

It is relatively straightforward to resolve this problem if
Zy is determined individually for each spatial position in the
sunspot. This approach, outlined in Sect. 3.2, has the additional
advantage that it allows us to estimate the shape of the Zyw sur-
face over the sunspot.

3.2. An improved procedure

To determine a stable value of Zw throughout the sunspot we
revert to Eq. (3). For known B, P(r, z) and F a unique Zy re-
sults from the fact that horizontal force balance is only satisfied
for a given F), which is a unique function of z. The main un-
certainties when applying Eq. (3) are caused by the necessity of
choosing P(r, z) and the curvature integral F.. P(r, Zy) may be
determined quite accurately from the measured 7'(r, z) with the
help of atmospheric models. The tension integral, F,, is more
of a problem, since it is non-local and requires a knowledge of
B, and B, at a range of heights over much of the sunspot ra-
dius in order to be evaluated. For simplicity, we initially assume
F.(r,z) = 0, determine Zw(r) from Eq. (3) and only then try
to gauge the effects of a non-vanishing F, on Zw. We find that
by comparing the Zw/(r) determined here with the results de-
rived from investigations of the Wilson effect we can set limits
on F,, 8£T and %—Z’ (Sect. 4.3). Equation (3) has the consider-
able advantage over Egs. (4) and (5) that we need not prescribe
po(Zw)/mo(Zw), which is strongly depth dependent.

We estimate P(r, z) by using model atmospheres of differ-
ent effective temperatures, Te: We identify P(r, z) with the
P(116 = 1) of an atmosphere whose T(1; 6 = 1) equals the
T'(r, z) derived from the observations. The densest grid of model
atmospheres which covers the full measured temperature range
is that of Kurucz (1991). We use his set of atmospheres with log-
arithmic gravitational acceleration 4.5, solar abundances, 3500
K < Tu < 6000 K, and a microturbulence of 2 km s~!. Two
neighbouring models in the grid are separated in effective tem-
perature by 250 K. Although originally meant to describe stellar
atmospheres, the Kurucz models are plane-parallel radiative and
convective equilibrium models based on very detailed opacities
that include the effects of millions of spectral lines and should
adequately represent the atmospheric structure in sunspots.

To test whether the P(71 ¢ = 1) values of the Kurucz models
are acceptable for sunspots, we have compared them with the
P(11.6 = 1) values obtained from empirical solar quiet-sun and
umbral models. The result of this comparison is plotted in Fig. 6.
The solid curve connects the Kurucz values. The two circles
near 7000 K represent the quiet sun models of Maltby et al.
(1986) and Vernazza et al. (1976), the latter as modified in its
lower layers by Spruit (1977). The circles between 5000 and
6000 K represent the umbral models E, M and L of Maltby
et al. (1986). Judging from this figure, the Kurucz models are
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adequate for the present purposes. For any measured 7'(7; ¢ = 1)
it is now possible to determine the corresponding P(116 = 1)
by interpolating between the P(7;¢ = 1) of the two Kurucz
atmospheres closest in 7'(1; ¢ = 1) to the measured value.

Once P(r,z) has been deduced, e.g. from Fig. 6, it is
straightforward to determine Py(z) from Eq. (3) for each ob-
served position within the sunspot and finally to obtain Zw by
looking up the z value in Spruit’s (1977) convection-zone model
corresponding to the deduced F.

S.K. Solanki et al.: Infrared lines as probes of solar magnetic features. VI

4. Results
4.1. The Wilson depression

In Fig. 7 2(116 = 1) = —Zy is plotted vs. 7/r,, the radial
distance from the geometrical centre of the spot, normalized
to the outer penumbral radius, r,. The edge of the umbra, 7,
lies between r/r, = 0.4 and 0.5. At least some of the scatter
is solar. For example, the deepest point (‘Z’ symbol at r/r), =
0.3) corresponds to the darkest part of the umbra, which also
has the largest field strength. Furthermore, half-slices that have
particularly high or low B values (e.g. ‘Y’ symbols or circles,
see Fig. 8a of Paper V) exhibit particularly large or small Zy
values, respectively. F,, = 0 was assumed when deriving the
plotted Zy, values. Note that in the quiet sun Az = z(7p5 =
1) — 2(11.6 = 1) = 20 km, while in the umbra Az ~ 50-60 km.
Consequently, in the visible the Wilson depression is smaller
than at 1.6 um. We estimate that the total error in the derived
Zw due to measurement errors is of the order of 50 km for most
points, but reaches 100 km near r,,, due mainly to stray light.
The main uncertainty is due to the neglected curvature integral,
F,., which is discussed in Sect. 4.3.

4.2. Relative importance of gas and magnetic pressure

Let us briefly compare P(7; 6 = 1) with the pressure due to
the measured B and B,, i.e. B?/87 and B?/8n, respectively.
All three pressures are plotted vs. spatial position in Fig. 8 for
slices 1. The most striking feature of Fig. 8 is that the gas
pressure is larger than the magnetic pressure at all positions
in the continuum-forming layers of the sunspot. The plasma
3 = 8w P/B? drops from 1.4-1.8 in the umbra to nearly unity
at the umbral boundary [which coincides with the sharp drop in
P(116 = 1)], then rises again to a value of 2-3 at the boundary
of the sunspot. The average 3 of approximately 1.5-2 is in stark
contrast to the average 3 of ~ 0.3 in magnetic elements (Riiedi
et al. 1992, Paper III of the present series).

Figure 8 also illustrates the relative importance of P(7j ¢ =
1) and B, for determining Zw. P(71.¢ = 1) varies across the
spot by nearly the same amount as B2 /87 and B /8, so that it
is important to consider both the magnetic and the gas pressure
when deriving Zw.

The large P(1 ¢ = 1) gradient at the umbral boundary is
due to the large temperature sensitivity of the H™ opacity. This
change in gas pressure alone causes Zw to change by approxi-
mately 200 km at r,,. Finally, Zw does not go smoothly to zero
at the outer penumbral edge (Fig. 7); there is another ‘jump’ of
Zw at rp, which is due to the decreased penumbral temperature,
compared to the quiet sun.

4.3. Curvature forces and vertical gradients

The great unknown in the present analysis is the curvature inte-
gral, F,.. We have insufficient knowledge of '83% to determine
F. independently and reliably judge its effect on Zw. We can,

however, turn the problem around and estimate F, % and
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%—"z/ by comparing the Zw derived here with Zyw values ob-
tained from Wilson-effect measurements made near the limb. It
is valid to compare our results, obtained near the centre of the
solar disc, with Wilson-effect observations near the limb, since
the difference in z between 795 = 1 and 795 = 0.1 is 140-150
km in the quiet sun and approximately 100 km in the umbra.

4.3.1. F, in the umbra

First consider the umbra. The Wilson effect gives Zw = 600 +
200 km in the visible (Gokhale & Zwaan 1972; Zwaan, private
communication 1992). Consequently, the average umbral Zyw
derived by us, approxmately 400 km in the visible, lies at the
lower end of the Zyw values allowed by Wilson-effect measure-
ments. Thus, a negative F.(r = 0, Zw(r = 0)) can be ruled
out, since it would decrease Zw further. A tighter lower limit to
F.(r = 0, Zw) can be set by imposing a lower limit of 500 km
on Zw(r = 0) in the visible following Maltby (1977), whose
argument is based on a discussion of the pressure stratification
of empirical models. The requirement that Zw < 800 km in the
visible (Gokhale & Zwaan 1972) gives an upper limit. Combin-
ing these two constraints we obtain

3.5 % 10° dyn ecm™2 < F,/87 < 1.6 x 10%dyn ecm™2,  (8)

with a most probable value of 6 x 10° dyn cm~2. Thus, in
the umbra the curvature integral is of a similar magnitude as
the gas and magnetic pressure terms (cf. Fig. 8), in agreement
with the conclusions of Martinez Pillet & Vazquez (1992). A
positive F,. implies that at the depth Zw (r = 0), the modulus of
B, averaged over the sunspot increases with height. To obtain a
more quantitative estimate of this gradient, we assume that 83 ==
is independent of r at a given height. Then we can write

0B, [*
B, dr.
0z /0 "

Since foa B, dr is the height independent magnetic flux of the

sunspot, limits on <%

F,=

> ,l.e. alf" averaged horizontally
spot

fromr = O0tor = r,, can easily be set. An upper limit is found to
be 0.3 G/km, with 0.07 G/km being a lower limit. If we assume

9B= 40 only in the penumbra, then 0.2 S <a|£r| >pen 08
G/km.

43.2. F, and in the penumbra

Next we constrain %’Z—/ in the penumbra. Following Maltby
(1977) we rewrite F,(r, z) in terms of ‘9—1/,

a / 2
F(r,z) = B? +2/ <32 QPY— — &> dr.
. 0z r

Note that in the absence of return flux (which, according to Paper
V and Solanki & Schmidt 1992 cannot constitute a significant
fraction of the total flux), 0 < v/ < /2. Equation (3) becomes

B (r,2) 1 ) 0 (r, z)
w2 [ (pea™

B, z)) ;

r

®

Po(2) — P(r,2) =

(10)
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Equation (9) suggests that the first and third terms of F,
tend to partially cancel each other. The B? term increases Zy,
while the [ B2/r dr term decreases Zy. The influence of the

i Bz%z—/ dr term depends on the sign of the vertical 7' gra-
dient. From the measured B,.(r) dependence we can estimate
the — f B% /7 dr term. At it and the %—1’ term vanish, so
that, due to the B2 term, Zy is slightly larger at r, than sug-
gested by Fig. 7.2 Taking the measured B,(r,) value of 800
G we obtain that Zw at r, should increase by approximately
20 km relative to the values plotted in Fig. 7. In the inner
penumbra (r = 0.57,, B, ~ 2000 G, B = 2300 G, Zw =~
125 km, T(t = 1) =~ 6500 K) we obtain

1 a

e B?/r dr ~ —1.5 x 10° dyn cm™2 . 11
s

r=0.51,
This number almost completely compensates the first term of
F.inEq. (9), B?/87 ~ 1.6 x 10° dyn cm™2. Thus Zy, appears

to be rather flat in the penumbra, 1f is neglected.

To estlmate we assume that 1t is independent of 7 in the
penumbra. Then, takmg the measured radial dependence of B,

we obtain

1 a ! !
— BZQ’—Y— dr =~ 107<—8l> dyn cm™2, (12)
47 7=0.57; z 0z pen

where < %’Y > is expressed in units of °/100 km. Clearly, force
pen

balance requires that ‘%}‘ is well below unity (compare with

Fig. 8). We set a lower limit on %72—/ by requiring that the 7 =
1 level in the inner penumbra must not lie higher than in the
outer penumbra, as dictated by Wilson-effect measurements. An
upper limit is set by requiring that Zw < 650 km (at 1.6 ym)
at the inner penumbral boundary, since otherwise Zw would
become larger than 850 km in the umbra (recall that temperature
alone causes Zw to change by 200 km at r,,). These conditions
give

—6x107° °/kms<88—z> <0.04 °/km. (13)
pen

Note that already for <%> < —0.01°/km, a static equi-
pen

librium cannot be maintained. Note too that when deriving the

numbers in Eq. (13) we make use of the limits on % (Sect.

4.3.1)and %@ (Sect. 4.3.3). This allows us to constrain %lzl even
if the 7 = 1 level in the penumbra is inclined.

43.3. F,, Zw and 9B 4t the umbral boundary
Oz

Next we consider the influence of curvature forces on Zw at r,.
According to Fig. 5, B, changes by 500-1000 G at r,, over a
radial distance of < 4000 km (Figs. 4, 5 and 6 of Paper V).

2 Note that just inside rp, the integral [ B,

vanish due to the large
sheet.

aaB = dr does not
9B: across the inclined boundary current

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/abs/1993A%26A...277..639S

FT993A&A - C 277 26395

646

We can judge the influence of the curvature forces on Zw by
considering the integral

Tut+A 9B
Fory — A, 2) — Folry + A, 2) = 2/ B,—Zdr, (14
ru—A 0z

which represents the curvature forces within a 2A thick layer
around 7. Choosing A = 2000 km, z = Zw(r, — A) and
B, = 2000 G, we can set an upper limit on this integral by
assuming that the whole observed variation of B, across ,, is
due to a vertical gradient %iﬂ. In this case we see an apparent
increase of B, with r since we see down to different depths as
we cross 7. A lower limit follows from the assumption that
the observed B, variation is entirely due to a radial gradient
of B,, i.e. 853 ~ = (. The limits obtained in this manner appear

reasonable. Vf’e find

TutA
0<_1_/ BZBB’“ dr $1.2 x 10% dyn cm™2 .

San ). a7 02 (15)

The lower limit corresponds to a ‘jump’ in Zw of approxi-
mately 200 km and to % = (. The upper limit implies that Zy
‘jumps’ by approximately 500 km at r,, and that B, increases
with z by roughly 2.0 G/km. In order to obtain a unique value
for the maximum possible AF,, = F, (7, — A, 2) — Fo(r,+A, 2)
and AZw = Zw(r, — A) — Zw(r, + A) we make use of the
fact that F, and Zw are coupled together in two different ways.
Firstly, they are coupled in an indirect manner through Eq. (3).
The larger the F.(r, — A) (i.e. the larger the AF,), the larger
the Zw(r, — A) (i.e. AZw) becomes. Secondly, since B, must
change by around 1000 G over the height AZw, AZy deter-
mines 38% atr,, and thus A F,.: The smaller the A Zy, the larger
the AF, becomes. There is only a single pair of (AF,, AZw)
values which satisfies both relations. Note that the maximum
A Zw and the additional constraint that Zw(r, — A) < 850 km
suggest that Zw in the penumbra does not change too rapidly
with r.

In principle, it is possible to eliminate the jump in Zw at
r,, by postulating 28= ~ —1 G/km in a 2000 km wide layer
around 7,,. However, in order to reproduce the classical picture
of a sloping penumbral surface with a smooth transition of Zy
into the umbra, three distinct conditions must be simultaneously
met:

1. B—ff must be positive in the penumbra in order to obtain

a sloping 7 = 1 surface and a sufficiently large Zw in the
umbra.

2. Near ry, 36’.92’ must be negative and of just the right magni-
tude to compensate for the Zyw jump due to the temperature
change at r,.

3. Near 7y, %ﬂ must be positive and very large, compared
to the rest of the sunspot [in order to explain the observed

B(r)].

To postulate the exact behaviour of B, implied by these three
conditions appears artificial and unnecessarily complex. In the
absence of independent evidence favouring the classical picture
(Wilson effect measurements support a relatively sharp change

S.K. Solanki et al.: Infrared lines as probes of solar magnetic features. VI

in Zw at r,, e.g. Wilson & Cannon 1968), it must therefore be
rejected. Consequently, we conclude that our analysis supports
a jump of 200-500 km in Zy at 7.

Finally, the fact that a ‘jump’ is present at Zy, but no sig-
nificant change is seen in B at r,, implies that, as a conservative
estimate, I%gl < 2 G/km at r,, for a jump in Zw of 200 km. If
the jump is 500 km, then I%}f—l < 0.8 G/km. These limits are in
good agreement with the estimate of 0.4 G/km at r,, made by
Beckers & Schroter (1969).

5. Conclusions

We have investigated the relationship between the temperature,
T, and the magnetic vector (B, v') using spectra at 1.56 um. The
B(T) relationship found by Kopp & Rabin (1992) is confirmed.
In addition, a linear relation between +' and T is found.

By applying the radial component of the force balance equa-
tion to the observed relationship, we have obtained an estimate
of the Wilson depression, Zyw, as a function of position in the
sunspot. Zyw at rp, is approximately 40—-60 km and appears to in-
crease only slowly towards the umbra. At the umbral boundary,
Ty, Zw increases by another 200-500 km. This qualitative ra-
dial dependence of Zy agrees well with the picture obtained by
utilizing the Wilson effect (Wilson & Cannon 1968; Wilson &
MclIntosh 1969; Wittmann & Schréter 1969). Quantitative dif-
ferences to the results of Wilson-effect measurements are due
to our insufficient knowledge of magnetic curvature forces. The
comparison between the Zw(r) derived here (= 400 km in the
umbra) and that obtained from the Wilson effect (600 £ 200
km, Gokhale & Zwaan 1972) provides constraints on the curva-
ture integral, aff’; = and %’Zﬁ. We find that the curvature force per
unit area can be of the same magnitude as the gas and magnetic
pressure.

Of particular interest are the tight limits we can set on %lzi.
Their most visible consequence concerns the explanation of the
broad-band circular polarization proposed by Sanchez Almeida
& Lites (1992). Their, in all other respects very promising, ap-
proach requires a rapid change of  with optical depth, namely
% = 45°siny for v < 90°, where 7 is the angle between
the magnetic vector and the line-of-sight. For a vertical line-

of-sight v = 4/, so that in the penumbra (i.e. siny’ 2 0.8)
36° < <%}I> < 45°. Since a decade in 7 corresponds to ap-
pen
proximately 100-150 km in 2, this model implies %’L—/ ~ —12to
—20°/100 km in the lower photosphere of penumbrae, which
is the relevant height range for the production of the broad-
band circular polarization. The required gradient is over an or-
der of magnitude larger than the limit of —0.5°/100 km set in
Sect. 4.3. Thus, although a mechanism based on a change in vy
with 7 may well be responsible for the broad-band circular po-
larization observed by Illing et al. (1974a,b, 1975) and Makita
& Ohki (1986), a different model from the one proposed by
Sanchez Almeida & Lites (1992) is required to explain it in a
physically consistent manner. An attempt to reconcile the limits
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on a global % with the observed broad-band circular polariza-
tion is made by Solanki & Montavon (1992).

The present analysis can be improved in three main aspects.
1. Most urgent are tighter independent constraints on the Wilson
depression, e.g. from Wilson-effect measurements with high
spatial resolution. The better such constraints, the narrower the
limits become that can be set on curvature terms and magnetic
gradients. 2. The validity and universality of the v vs. T relation
should be tested by observing many more sunspots, if possible
with Stokes vector data. 3. Once curvature terms have been
better estimated, a 2-D image of B and T in a sunspot (derived
from the g = 3, 1.56 pm line and the nearby continuum) should
provide a 3-D picture of the Wilson depression.
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