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ABSTRACT  We present our earlier measurement of the coronal
fields above a sunspot in the active region, NOAA #4741, which was
obtained using microwave spectroscopy {rom the Owens Valley Radio
Observatory (OVRO) in a form that allows comparison with theoretical
models. OQur empirical results for the coronal fields are compared with
several theoretical models in order to understand the magnetic structure
of a static sunspot. It is found that the presence of transverse pressure
gradients should be considered to get a satisfactory fit.

1. INTRODUCTION

The magnetic field structure of the active region corona has been a popular
subject in microwave studies of solar active regions, as the solar microwave
radiation is known to provide a unique opportunity to detect the coronal
fields directly (e.g., Alissandrakis, Kundu, & Lantos 1980). One technique

to measure the coronal fields is to make use of the thermal gyroresonance
spectrum. This method has been discussed and implemented by Hurford

& Gary (1986) (see also Gelfreikh et al. presented in this proceedings). In
Papers I and II (Lee, Hurford, & Gary 1992 and Lee, Gary, & Hurford 1992,
respectively), we applied Hurford & Gary’s (1986) procedure to derive the
coronal field distribution in the active region NOAA #4741 along both the
vertical and the horizontal directions. This was possible because we had
multi-frequency, interferometric observations at OVRO at both the disk
center and the limb. Since these results are new and entirely empirical, it is
of new interest to test whether the coronal field distribution inferred from our
observations can be reproduced by any simple theoretical model. In this paper,
we make a comparison of our observational results with the dipole model, the
solenoid model of Sakurai & Uchida (1977), and the hydrostatic equilibrium
model of Low (1980) to yield an implication for the static magnetic structure
of a sunspot. In §2, the results of our sunspot field measurement are briefly
presented and compared with theoretical models. Implications for the force
balance in a sunspot are discussed in §3. Conclusion will follow in §4.
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For the comparison with theoretical models, we use the cylindrical coordinates
where 2 is along the symmetry axis of the spot and z = 0 is at the waist of the
spot field lines. In these coordinates, our results reported in Papers I and 11
can be rewritten as

r 2
B(r,z = d+ H) = 1420(1 % 0.08) exp [— (m) ]G, (1)

B(r=0,z=d+H +h) = 860(1 £0.03) G, (2

and B.(r,z = d) = 2400(1 £ 0.04) exp [— (9_9'71'1_0") ] G, (3)
where d and H are respectively the depth of the magnetic moment measured
from the photosphere and the height of the coronal base above the
photosphere; h=2700 km is the height of the point of occultation observation
above the coronal base (see Paper II). Note that B in (1) and (2) refers to the
total field strengths while B, in (3) refers to the vertical component only.

We compare our observational results with three theoretical models: (i)

a simple dipole model (e.g. Purcell 1981), (ii) the solenoid model of Sakurai

& Uchida (1977), and (iii) Low’s (1980) magnetostatic equilibrium model
(*M.S.E.” model). All of these models present the cylindrically symmetric fields
with no ¢-component. We do not consider force-free models (e.g., Nakagawa

et al. 1971) in spite of their popular use, since this spot does not appear in a
spiral structure as usually predicted by the force-free models.

To constrain model parameters, we first consider the allowable range of
the depth, d, of the waist of the field (or the location of current coils) that
can match the observed magnetic fields at the spot center at three different
heights, i.e., B;(0,d), B(0,d + H), and B(0,d + H + h). We then look for the
horizontal extent a and the coronal height H that can reproduce the observed
radial distribution of the fields, B,(r,d) and B(r,d + H), as closely as possible.
We plot in Figure 1 the resulting model values (solid lines) together with our
results (shaded area).

For the dipole model, only two parameters need to be specified: the
magnetic moment, m, and its location, d. Therefore, there can be no doubt
that the dipole model predicts a more extended field structure at the upper
sunspot atmosphere than observed. In the solenoid model, a current coil giving
rise to the magnetic moment is allowed to have a finite horizontal extent, a, by
which we can adjust the field shape outside the coil at a given depth. However,
due to the constraint of vertical magnetic fields at three different heights, the
choice of a is much limited. The result is that the solenoid model is also not
capable of reproducing the confined structure of the coronal fields we observe.
The M.S.E. model comes closer to our observation: First of all, it predicts a
gaussian form for the field distribution in agreement with our observation (egs.
(1} & [3]). The horizontal structure of this model is sensitive to the parameter,
7 (see Low 1980 for full expressions), but insensitive to the choice of H. This
is in a good agreement with our result that the gaussian width changes only a
little with height, H. The vertical variation is also closely fitted by this model
if we locate the waist (z = 0) at a depth, d =~ 10”.
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Fig. 1. Comparison of the fields deduced from the observation (shaded area)
with theoretical fields (solid lines). Used model parameters are: d = 15",

H = 3.0",and m = 1.6 x 10 G.cm® for the dipole model; d = 13", H = 3.0",
a=4.0" and J = 1.3 x 10* esu-sec™! for the solenoid model; d = 10", H = 3.5",
a=170", B, =94 x 10 G.cn®, and 5 = 1.95 for the M.S.E. model.

3. DISCUSSION

The dipole and the solenoid fields are specified solely by source currents in
vacuum. In comparison, the M.S.E. model (Low 1980} is based on the exact
solution of the magnetohydrostatic equation, which reads

1 = = oo oo
E(VxB)xB-—Vp—pgé:O,

where p is the gas pressure, p the density, and g the gravitational acceleration.
Therefore, the agreement of our ohservational results to the M.S.E. model
would imply that the static interaction between the magnetic curvature force,
the pressure gradient, and the gravity serves to shape the sunspot magnetic
structure.

The amount of horizontal pressure gradient, dp/dr, or the corresponding
pressure difference, Ap = p(r = 00) — p(r = 0) = [;°(dp/dr)dr, can be estimated
for the magnetic field structure under consideration. We compute the amount
of the horizontal pressure difference by using Low’s (1980) model together
with the parameters found above (Fig. 1). The results are Ap ~ 1.7 x 10°
dyne/cin? at the photosphere (z = d) (¢f. Ap ~ 10° dyne/cmn? adopted by
Deinzer 1965 and Yun 1970) and Ap ~ 0.6 x 10° dyne/cm? at the coronal base
(z = d + H). Therefore, it can be seen that about one third of the horizontal
pressure difference at the photosphere should be maintained at the base of
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the corona in order to make a confined magnetic structure as found in our
observations.

The pressure gradient along the vertical direction cannot be assessed
without knowledge of the density variation. Along the sunspot axis, however,
the magnetic curvature vanishes and thus there are only the vertical pressure
gradient and the gravity to be balanced. This explains why even a vacuum
model can match the observed vertical field distribution along the sunspot
axis. As an aside, it should be noted that the above consideration on the force
balance is valid from the photosphere up to the coronal base above which the
magnetic field lines could be force-free.

4. CONCLUSION

In this paper, we investigated whether our observational results (Papers I &

II) for the sunspot (NOAA #4741) coronal fields can be reproduced by any
simple theoretical model. It is found that our results can be closely fitted by
the M.S.E. model (Low 1980) where static interaction between the magnetic
curvature force and the horizontal pressure gradient serves to limit the spread
of the field lines with height. We therefore presume that the sunspot fields at
the upper atmosphere tends to be kept confined by the pressure gradient across
the spot which would otherwise be extended as predicted by the dipole or the
solenoid model.
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