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Abstract:

We present new calculations for model atmospheres in magnetic flux tubes
extending vertically through the photosphere and convection zone of the Sun.
This study is a continuation of earlier work by Hasan & Kalkofen (1994) on the
equilibrium structure of intense magnetic lux tubes. We construct static models
of flux tubes by solving the equations of energy transport and radiative transfer.
The most significant aspect of our study is the inclusion of multidimensional
radiative transfer in cylindrical geometry and the influence of the flux tube on
the ambient medium. Our models satisfy the condition of radiative equilibrium;
the lower boundary intensity includes the effect of convection. We determine the
structure of the thermal boundary layer at the interface of the flux tube and the
ambient medium. We find that the temperature does not change abruptly from
its value on the flux tube axis to the ambient value far from the tube. Rather,
there is a transition layer at the interface, where there is a significant horizontal
temperature gradient. Detailed calculations have been carried out to examine
the physical conditions in this layer as well as its horizontal extent.

1. Introduction

Numerous observations have shown that vertical magnetic fields in the form
of flux tubes with kilogauss field strengths are ubiquitous in the solar photo-
sphere. The tube diameters are typically sub-arc second and they are spatially
unresolved by ground-based telescopes. Much of the earlier information about
flux tube structure was indirectly derived from semi-empirical models. However,
the development of new instrumentation has permitted observations with higher
spatial resolution and greater sensitivity to the magnetic field strength.

The inputs from observations need to be incorporated into theoretical mod-
els, which eventually should be able to provide a quantitative understanding of
the physical processes occurring in flux tubes. In the present study we undertake
a theoretical investigation of this question and propose refinements which would
contribute towards the above aim.

The present work is a continuation of earlier calculations by Hasan &
Kalkofen (1994) on the equilibrium structure of a static flux tube. The main
refinement in this investigation is the use of multidimensional radiative transfer
to self-consistently treat the flux tube and the ambient medium. Previous work
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on the equilibrium of flux tubes using multidimensional radiative transfer was
carried out by Spruit (1976), Steiner & Stenflo (1989), and Pizzo, MacGregor &
Kunasz (1993 a,b).

Briefly, the objectives of our investigation are to firstly, develop equilibrium
models of flux tubes, such that the flux tube and the ambient medium are treated
self-consistently; secondly, to determine the structure of the thermal boundary
layer at the interface of the flux tube and the ambient medium; and finally
to identify the direction of energy transport in the medium by calculating the
radiative energy flux.

2. Equations

Let us consider a vertical magnetic flux tube of circular cross section embedded
in a non-magnetized atmosphere. We adopt a cylindrical coordinate system and
assume rotational symmetry about the tube axis. For simplicity we use the thin
flux tube approximation to treat the magnetostatic equation. We assume that
the pressure and magnetic field are specified and use the energy transport and
radiative transfer equations to determine the thermal structure of the tube. We
use (B to parameterize our models, where 3y = 8mpo/B3 with pg and By being
the pressure and magnetic field strength respectively at z = 0.
The equations that we solve are:

V-F=V-Fg =4rk(S — J) =0, (1)

and
(n-V)I = k(S —1), (2)

where z is the height, I = I(r,n) is the specific radiation intensity at r in the
direction n, S = oT*/7 is the source function, 7" is the temperature, x is the
Rosseland mean opacity per unit distance, J is the mean radiation intensity, Fr
is the radiative flux. In equation (1) we neglect the contribution of convection
to the total flux. The mean intensity J and radiative flux Fgr are related to I
as follows:

J = % § I(r,n)dQ, (3)
Fr =4r ¢ I(r,n)nds, (4)

3. Method of Solution
The formal solution of the transfer equation can be written as:
J(r) = A(r,r)S(r') + G(r), (5)

where A(r,r') is an integral operator, and G represents the effect of the intensity
at the boundary of the computational domain.

The constraint of radiative equilibrium (J = S) is achieved through a
temperature correction procedure using a modified form of A-iteration (Steiner
1989). The temperature correction AT® after the i-th iteration is
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VERTICAL AND HORIZONTAL FLUX
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Figure 1.  Variation with r of F, (solid lines) and F, (dashed lines)
at a fixed height for 5y = 0.5, in units of Fj,, or Fy, the flux in the
quiet Sun. The numbers beside the curves denote the height (in km).

(I—A%) (g;) ATZ’: (A -1)S" + G, (6)
Ti

where T% and S* are the temperature and source function respectively at the
start of the iteration and I is the unit matrix.

The transfer equation is solved using the method of short characteristics
(Kunasz & Auer 1988). The formal solution of equation (2) along with an effi-
cient interpolation scheme are used to recursively calculate the specific radiation
intensity I at all grid points for prescribed boundary conditions in 2-D planes,
chosen to be tangent to various radial shells. The integration over polar angle
in each plane is done using a double-Gaussian quadrature, with 8 angles per
quadrant. In order to carry out the azimuthal integration, we exploit the rota-
tional symmetry and sum the contribution from different planes. At the lower
boundary we assume that the incident intensity (in the upward directions) is
known. We locate the upper boundary in layers where the medium is optically
thin and neglect incoming radiation from above. In the horizontal direction pe-
riodic boundary equations are used. Having determined I we can carry out the
integration over solid angle to determine J and Fg.

Each iteration cycle consists of a solution of the transfer equation followed
by a correction of the temperature. The hydrostatic pressure equation on the
flux tube axis and in the external atmosphere is solved at the beginning of the
calculation; thereafter the pressure is kept fixed at the initial value, but the
density is updated along with the temperature. The effects of partial ionization
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ISOTHERMS IN A FLUX TUBE
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Figure 2.  Isotherms (solid lines) and lines of constant optical depth
(dashed lines) in a flux tube and the surrounding medium. The values
of the contours are given above each curve. The heavy solid line denotes
the boundary of the tube.

are also included. The Rosseland mean opacity is calculated by interpolating
from tables.

4. Results

Figure 1 shows the variation with r (radial distance from the tube axis) of F,
(solid lines) and F,. (dashed lines) at a fixed height for 5y = 0.5, where F, and F,
are the vertical and horizontal components of the radiative flux, in units of Fgu,
or Fi,, the flux in the quiet Sun (6.3x10'% erg ecm~2 s=!). The numbers besides
the curves denote the height (in km). We find that at a height of 300 km,
F, = 1.35F; and F, is maximal near the tube boundary; in the lower layers
(z = 0), F, is negligible. At z = 300 km, F,. is an order of magnitude lower than
Fe.

Figure 2 shows the isotherms (solid lines) and lines of constant optical depth
(dashed lines) in a flux tube and the surrounding medium. The numbers above
each curve denote the values of the contours. The heavy solid line denotes the
boundary of the flux tube. The temperature is higher inside the flux tube than in
the undisturbed ambient atmosphere. At the tube boundary, the temperature
shows a gradual transition to the undisturbed ambient value. The region of
influence of the flux tube on the ambient medium increases with height (reflecting
the decreased density, hence increased photon mean free path). The lines of
constant optical depth reflect mainly the sudden change in density, hence opacity,
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Figure 3. AT, the temperature difference between the value on the
axis and that in the undisturbed atmosphere (at the same height), as
a function of height z for various values of f.

at the tube boundary. The temperature increase acts in the same direction as a
density reduction, but is of much smaller magnitude.

Figure 3 shows AT, the temperature difference between the value on the
axis and that in the undisturbed atmosphere at the same height, as a function
of z for different values of 3y. The temperature in the flux tube (with respect to
the undisturbed atmosphere) is depressed in the deepest layers (2 < 30 km) and
AT reaches a maximum at z &= 40 km. The lower the value of §y (the stronger
the magnetic field), the greater is its effect on the temperature.

5. Discussion and Summary

Our results indicate that in the photosphere, the temperature inside the flux tube
is generally higher than in the undisturbed ambient atmosphere — however, the
temperature at the tube-external medium interface is approximately the same
as that on the tube axis. We find that at the tube boundary, the temperature
shows a gradual transition to the undisturbed value.

The vertical optical depth changes sharply at the tube boundary due to
the abrupt change in density and hence opacity at the interface — the effect of
temperature on the optical depth is of much smaller magnitude. Furthermore,
the size of the thermal boundary layer (i.e., the distance over which the temper-
ature changes from its value at the tube boundary to that in the undisturbed
external atmosphere) increases with height (reflecting the decreased density and
consequently increased photon mean free path).
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We have also considered the effect of changing (3y. The lower the value of
Bo (or stronger the magnetic field), the higher the temperature inside the tube
and the larger the size of the thermal boundary layer.

6. Conclusions

The main conclusions to emerge from our investigation are:

e We have demonstrated an efficient method for constructing equilibrium
models of axially symmetric static magnetic flux tubes in the photosphere;

e We find that the influence of the flux tube on the ambient medium is
important and needs to be considered when making comparison with ob-
servations, especially for strong lines formed in the upper photosphere —
for weak lines in the deep photosphere the main effect is due to the reduced
density in the tube (since the isotherms are nearly horizontal);

e A new feature of the results is that the temperature excess on the tube
axis has a maximum in the low photosphere;

e A combination of the present calculations with our earlier work provides
realistic model atmospheres for flux tubes extending into the convection
zone and in which there is a continuous transition between convective and
radiative energy transport.
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