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Abstract. We compare self-consistent theoretical models of so-
lar magnetic flux sheets with spectropolarimetric observations
of a solar plage and a network region. Our observational diag-
nostics mainly provide information on temperature and mag-
netic field of the deep photospheric layers. They are used to
constrain the two free parameters of the models, viz. width and
initial evacuation of the flux sheets. We find that the width of
flux sheets in the network is approximately 200 km, while it is
300-350 km in an active plage. The flux sheets turn out to be
less evacuated than previously thought, so they have continuum
intensities close to unity. Since these are average values, how-
ever, our results do not exclude the presence of either smaller
and brighter or larger and darker magnetic structures.
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1. Introduction

The magnetic and thermodynamic structure of small-scale solar
magnetic features has been the subject of extensive investiga-
tions. Two different approaches have been used for developing
models of these structures. On the one hand theoretical models
have been derived which aim at a fully self-consistent solu-
tion of the MHD equations, but must often make a number of
simplifying assumptions to achieve computational tractability
(e.g. Spruit 1976; Deinzer et al. 1984a,b; Knolker et al. 1988;
Knolker & Schiissler 1988; Steiner 1990; Kndlker et al. 1991;
Pizzo et al. 1993; see reviews by Schiissler 1990 and Spruit et
al. 1992). The empirical models, on the other hand, are based on
observational data which are used to constrain numerous free
parameters (e.g. Solanki 1986; Walton 1987; Keller et al. 1990;
see reviews by Stenflo 1989; Solanki 1990, 1993). In the past,
theoretical models have been compared to observations only
indirectly, i.e., the temperature and magnetic field profiles of
the theoretical models have been compared with the relevant
quantities obtained from empirical models. Since the latter are
subject to a number of restrictive assumptions (e.g., temperature
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and magnetic field strength are assumed to be constant at a given
geometrical height within the magnetic feature) this procedure
is hardly satisfactory.

It is the purpose of the present work to put the modelling of
solar flux tubes on a firmer basis by directly comparing observed
Stokes V profiles with those which are computed from theoreti-
cal models. We use two-dimensional dynamic flux sheet models
which take magnetic tension and partial ionisation effects fully
into account and which include a proper grey radiative transfer.
We consider a set of models with diverse values of their free
parameters, namely initial size and gas pressure, and compare
their temperature and magnetic field strength signatures with
observation in order to constrain the value of the free param-
eters. We restrict the analysis to the deep atmospheric layers
since the models are most reliable there. At greater heights, ef-
fects due to the non-greyness of the absorption coefficient and,
probably, mechanical heating by waves, both of which are not
included in the present models, become important.

In Sect. 2 we give a brief overview of the MHD models and
describe observations and diagnostic procedure in Sect. 3. The
results are presented and discussed in Sect. 4. We summarize
our conclusions in Sect. 5.

2. Models

The models are the result of numerical integration of the time-
dependent MHD equations in two-dimensional Cartesian geom-
etry; they represent magnetic flux sheets, i.e. infinitely extended
slabs of magnetic flux thought to represent the organisation of
magnetic fields within elongated intergranular lanes. The orig-
inal version of the code has been described by Deinzer et al.
(1984a). Since then a number of improvements has been in-
corporated, most notably the treatment of energy transport by
radiation by a full (grey, LTE) radiative transfer calculation us-
ing Feautrier integration along a large number of rays of var-
ious inclination and azimuth angles. A detailed description of
the methods and the results of various test calculations will be
given in a forthcoming paper. First results have been presented
by Grossmann-Doerth et al. (1989) and Knoélker et al. (1991).
The simulation solves

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


http://cdsads.u-strasbg.fr/abs/1994A%26A...285..648G

FTI992A&A. © 7285, 648G

U. Grossmann-Doerth et al.: The deep layers of solar magnetic elements

- Momentum equations (vertical, horizontal), including iner-
tial force, pressure force, gravity, magnetic (Lorentz) force
and viscous force,

- Equation of continuity (fully compressible),

- Induction equation,

- Energy equation, including advection and compression, ra-
diation, turbulent entropy diffusion, and effects of partial
ionization.

The material functions (like specific heat, molecular weight,
opacity) are determined self-consistently as functions of tem-
perature and pressure in the course of the time-dependent sim-
ulation. The numerical scheme used is based on an implicit
version of the Moving Finite Element method (Gelinas et al.
1981). In order to resolve steep gradients near the edge of the
simulated flux concentration, the node points are distributed
non-uniformly and follow the motion of the thin transition layer
between the magnetic element and its environment during the
dynamical evolution.

‘Open’ or ‘closed’ boundary conditions for velocity and
temperature can be used at the top and bottom boundaries. The
magnetic field is vertical at all boundaries. Turbulent entropy
diffusion by unresolved small-scale motions is accounted for
by a mixing length formalism. This kind of energy transport
is completely suppressed in the magnetic structures by a suit-
able dependence on magnetic field strength (for more details
see Deinzer et al. 1984a). The coefficients of (turbulent) vis-
cosity and magnetic diffusivity have been chosen to be as small
as possible while still preserving numerical stability. This leads
to hydrodynamic Reynolds numbers between 10° and 10*. The
magnetic diffusivity is set to zero which facilitates greatly the
control of node point motion. Test calculations have shown that
the resulting models are essentially unchanged if we calculate
with magnetic Reynolds numbers of the order of the hydrody-
namic Reynolds numbers given above. The width of the transi-
tion layer between magnetic structure and environment is taken
as one tenth of the (initial) half width of the flux sheet. As long
as this ratio is small compared to unity, the resulting magnetic
and thermal structures do not significantly depend on the choice
of this parameter (Knolker et al. 1988).

The remaining free parameters of the models are initial den-
sity in the flux sheet and its total magnetic flux (per unit length)
which determines its horizontal width. The flux sheet models
which are used in this paper are specified in Table 1. All models
have been evolved in time until a stationary state was reached
which shows a strong external downflow near the flux sheet and
oscillations with a period of about 4 minutes within the flux
sheet. Here we shall concern ourselves with the properties of
the resulting models in deep layers which do not change signifi-
cantly with oscillation phase. For the purpose of illustration we
show in Fig. 1 a cross section of model M350.

The quantities of interest in this paper are magnetic field
strength By and temperature T at continuum optical depth 7, =
1 (for 5000 A). Both quantities depend differently on our model
parameters w (horizontal width of the flux sheet at 7. = 1 of the
external atmosphere) and o (evacuation parameter, see caption
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Table 1. Parameters and properties of the set of flux sheet models used
in this paper. Parameters are w and o:: w is the (full) width of the sheet
at a height which corresponds to continuum optical depth unity of the
external medium far away from the flux sheet; the evacuation parameter
@ = pio/ peo is the initial ratio of internal to external density (temper-
ature equal to undisturbed atmospheric model, flux sheet in horizontal
pressure equilibrium). Some properties of the resulting stationary mod-
els are also given: temperature (Tp) and magnetic field strength (Bo)
at continuum optical depth 7. = 1 at the center of the flux sheet and
continuum intensity I. at 5000 A averaged over the magnetic structure
in units of the continuum intensity Iy of the undisturbed atmosphere.

Model w(km) o To(K) Bo(G) (I.)/I
M130 100 03 7100 2300 1.70
MI150 100 05 6580 1800  1.12
M230 200 03 6880 2550  1.50
M250 200 05 6230 1940 101
M350 300 05 6060 1980  0.94
M430 400 03 6480 2730  1.19
M450 400 05 5930 2270 0.6
M460 400 06 5680 1940  0.70
M850 800 05 5720 2200 0.78

of Table 1 for adefinition). For a given value of o the temperature
To decreases with growing width since the flux sheet becomes
more opaque and is therefore less efficiently heated by radiation
from the side. At the same time, the field strength By increases
since the surface 7, = 1 in the flux sheet moves downward due
to the temperature sensitivity of the continuum opacity. On the
other hand, for a given width both temperature and field strength
decrease for increasing values of « (larger internal density) since
the surface 7, = 1 moves upward. These different dependences
allow a combination of values (w, ) to be determined in a
unique way for a given (observed) pair Ty, By (or a pair of
observations which are sensitive to these quantities).

3. Observational data and diagnostic tools

The observational data used are measurements of Stokes V' pro-
files of two visible Fe I lines (5250.20 A and 5247.06 A), two C 1
lines (5380.32 A and 5052.15 A), three Fe11 lines (5132.66 A,
5325.56 A and 5414.07 A) and the infrared Fe 1 line at 15648.52
A, recorded near disc center in both a network region (small
Stokes V signal, i.e. small magnetic filling factor) and a plage
(larger Stokes V signal), with the McMath telescope at Kitt
Peak. The visible data and some of the infrared data were ob-
tained with the Fourier Transform Spectrometer; for more de-
tails refer to Stenflo et al. (1984) and Solanki (1987). The ob-
servations of the 15648 A line were partly obtained with the
vertical spectrograph of the McMath telescope ( see Solanki et
al. 1992 and Riiedi et al. 1992 for details) and are not cospatial
to the visible data. However, the splitting of these lines appears
to depend only on the Stokes V' amplitude (i.e. filling factor),
and even that only relatively weakly (Riiedi et al. 1992; Rabin
1992). Consequently, we have used the splittings expected for
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Fig. 1. Properties of the flux sheet model M350. Only half of the symmetric structure is shown; the sheet’s properties do not vary in the direction

perpendicular to the plane of the figure. Densities are in units of 10~"g

cm ™3, temperatures in 1000 K. The level at which the continuum optical

depth at 5000 A is unity is indicated in the magnetic field plot. The velocity arrows scale with the modulus of the velocity; the maximum velocity
in the downflow jet adjacent to the flux sheet is about 4 km s !, The temperature structure in the upper levels of the flux sheet (above ~ 100
km) varies strongly in the course of the internal oscillation; however, the layers around 7. = 1 are barely affected

the filling factors corresponding to the regions observed in the
visible. The Stokes Vformation heights of the eight lines for
a vertical line of sight through the center of model M350 are
shown in Fig. 2.

As diagnostic tool for the temperature in the deep lay-
ers of our models we use the CI/Fell Stokes V ‘line ra-
tios” proposed by Solanki & Brigljevi¢ (1992). The Stokes
V line ratio R; of two spectral lines 1 and 2 is defined by
Ry = Vir + Vip)/(Var + Vap) where V; denotes the absolute
value of the red (index r) or the blue (index b) extremum of
Stokes V of line i (Stenflo 1973; Solanki 1993). As can be seen
from Fig. 2 the C1 lines are formed in a relatively narrow depth
range deep in the atmosphere. Because of their high ionization
and excitation energies the C1I lines are very sensitive to tem-
perature changes, while the Fe 11 lines are not. Thus the C1/Fe 11
line ratio is a good temperature indicator for deep atmospheric

layers as illustrated in Fig. 3 where the six line ratios which
can be defined with our C1 and Fe1I lines are plotted versus a
(height-independent) temperature increment in the quiet solar
atmosphere. We use line ratios because they are independent of
the unknown magnetic “filling factor’, i.e. the number density of
magnetic structures in the observed area. Once a correct model
flux tube has been derived from a given set of observations, the
filling factor can, in principle, be derived by comparing the ob-
served Stokes V' amplitudes (or areas) with those arising from
the model.

It should be noted, however, that these line ratios are not
independent of magnetic field strength as may be seen in Fig. 4.
This may lead to ambiguity asis illustrated in Fig. 5 which shows
points of equal value of line ratios as function of temperature (at
7. = 1) and magnetic field strength. In principle, the effect of a
temperature increment on the line ratios could be cancelled by
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Fig. 2. Temperature and Stokes V' height of formation of the spectral
lines used in our analysis in the center of Model M350. The height
of formation is defined as the range where the line depression contri-
bution functions (Magain 1986; Grossmann-Doerth et al. 1988) of the
specified wavelength interval are larger than 50% of their maximum
value. In the present case this wavelength interval covers the range
where Stokes V is larger than 50% of its maximum value
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Fig. 3. Stokes V' C /Fe 11 line ratios as function of a height-independent
temperature excess with respect to a model of the quiet sun. A uniform
magnetic field of 1000 G is assumed to be present

a decrease in magnetic field and vice versa. We eliminate this
ambiguity by including in our set of observables two quanti-
ties which depend exclusively on magnetic field strength: First,
the *magnetic line ratio’ Fe1 5250/Fe1 5247 and, second, the
Zeeman splitting of the infrared line Fe1 15648.518 A. The de-
pendence of the Fe1 5250/Fe1 5247 line ratio on temperature
is negligible because the lines have almost identical excitation
potential and line strength. The infrared line Fe 115648 is a good
diagnostic tool for the magnetic field strength since it is com-
pletely split even in moderately strong magnetic fields because
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Fig. 4. Stokes V C /Fe 11 line ratios as function of strength of a uniform
magnetic field. A model of the quiet sun has been used for the other
atmospheric quantities
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Fig. 5. Loci of equal values of line ratio. Starting with the line ratio for
1500 G and 6900 K at 7. = 1 the plot shows the temperature values
(at 7. = 1) for 1000 G and the magnetic field strength values for 6300
K (at 7. = 1) for which the line ratios assume the same values. Note
that, for example, the effect of a temperature increase on the value of
the line ratios may be cancelled by a suitable reduction of the magnetic
field strength

of both its large wavelength and its large Landé factor. In order
to demonstrate its diagnostic value we have determined, for var-
ious flux sheet models, the optical depth at which the magnetic
field assumes the value which corresponds to the wavelength
seperation of the peaks of Stokes V (averaged over the flux
sheet) of the line. The result is shown in Table 2. It is remark-
able how little this optical depth varies although the models
are quite different. Thus we conclude that the magnetic field
strength at 7. ~ 0.1 can be obtained in a fairly reliable way
from the wavelength seperation of the peaks of the Stokes V/
profile averaged over the flux sheet.
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Table 2. Characteristic optical depth z 5 of the spectral line Fe 1 15648
in various flux sheet models. x = log7se00 is the logarithm of the
continuum optical depth at 5000 A and z 5 is defined as the value of
x where the magnetic field in the center of the flux sheet assumes the
value which is obtained from the wavelength separation of the peaks
of the composite Stokes V' profiles (averages over the flux sheet). AA
is the wavelength difference between the Stokes V' peaks and B the
corresponding field strength.

Model AMXA) B(@G) zm
M130 1.30 1900 -0.85
M150 0.92 1360 -1.0
M230 1.50 2300 -0.85
M250 1.10 1620 -0.80
M350 0.95 1400 -1.0
M430 1.55 2280 -0.85
M450 1.33 1960 -0.85
M460 1.12 1650 -0.85
MS850 1.25 1860 -0.85
4. Results

For all the eight spectral lines and the models given in Table 1
we have computed the profiles of Stokes V' for a large number
(normally 25) of rays at normal incidence, evenly spaced across
the flux sheet. For comparison with the observations we used the
average of these profiles divided by the average of the emerg-
ing continuum intensity. Similar to earlier results to reproduce
observed Stokes V profiles with the aid of flux tube models it
was found that for all except the visible FeI lines the computed
profiles were narrower than the observed ones. Therefore we
broadened the synthetic Stokes V' profiles by a macroturbulent
velocity (Aller 1963) whose value was chosen to achieve max-
imum agreement between observed and computed profiles; the
resulting velocities lie in the range of 1 to 2 km/s. For the pur-
pose of illustration we show in Fig. 6 observed and computed
Stokes V profiles of the line Fell 5132.67 A.

Observed and calculated line ratios and Stokes V' peak sepa-
ration of the infrared line are shown in Table 3. As expected from
Fig. 3, the C1/Fe 11 line ratios are larger for the hotter, i.e. less
dense, models. As a measure for the agreement between obser-
vation and model we use X2, the sum of the squared differences
between calculated and measured values for the six C I/Fe 11 line
ratios, normalized to the minimum value. This quantity has been
determined separately for the plage and the network data. The
models with the smallest x? are considered to represent the data
best. From inspection of the values of the normalized x? in Ta-
ble 3 we find that model M250 (a flux sheet with 200 km width
and o = 0.5) provides the best fit to the network data while
models M350 and M450 (300 km and 400 km width, respec-
tively, and also o = 0.5) represent the plage data equally well.
Note that the minima of x? and thus the models with optimum
fit are well defined.

We can use the Stokes V' peak separation of the fully split
infrared line (last column in Table 3) in order to decide between
the two models which both provide a good fit to the C 1/Fe 11 line
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Fig. 6. Stokes V profiles of Fell 5414.07 A. Solid: Observed in a plage
region. Dashed: Computed average of Model M350, normalized in
order that the blue peak equals the observed value. Dotted: Computed

profile broadened by a macroturbulent velocity (Aller 1963) of 1.5
km/s; this profile has also been normalized

ratios from the plage data. While model M350 (By = 1980 G)
shows a smaller separation than the data (0.95 A vs. 1.10 A) the
value of 1.33 A for M450 is definitely too large and indicates
that the magnetic field (By = 2270 G at 7, = 1.) is too strong.
A less evacuated flux sheet model (M460) would yield a bet-
ter agreement with the observed splitting of the infrared line;
however this model would be definitely too cool. We therefore
conclude that model M350 is the best representative of the ‘typ-
ical’ magnetic structure in a plage. We expect a model lying
between M350 and M450 to do even better (the Zeeman split-
ting is too small for M350 and too large for M450). We have
been refraining, however, from such fine-tuning of the model
parameters. Since the peak separation of M250, on the other
hand, is consistent with the value observed in the network we
consider that model as an adequate representation of the ‘typi-
cal’ network structure.

The 5250/5247 magnetic line ratio gives independent ev-
idence that the strongly evacuated models (o = 0.3) are not
realistic since the line ratios of these models are significantly
smaller than the observed values (0.74 for both network and
plage). This is due to the strong magnetic fields of these models,
possibly in combination with their larger temperature: although
the line ratio is not directly dependent on temperature, the line
pair is formed deeper (i.e., in a layer of larger field strength)
in a hot atmosphere due to the line weakening effect (Steiner
& Pizzo 1989). The values for M130 (0.58) and M230 (0.61)
are even smaller than 2/3, the ratio of the Landé factors of the
lines. The reason for this lies in the larger magnetic field gra-
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Table 3. Observed and calculated Stokes V' line ratios and Stokes V' peak separation A of the FeI infrared line. The models are specified
in Table 1. x* denotes the sum of the squared differences between observed and calculated C1/Fe11 Stokes V' line ratios, normalized to their

respective minimum value.

5380/ 5380/ 5380/ 5052/ 5052/ 5052/ e X 5250/ A

5132 5325 5414 5132 5325 5414  (Network) (Plage) 5247  (A)
Network 40 26 40 50 33 48 74 098
Plage 31 20 31 44 29 44 74 110
M130 64 39 64 81 50 80 105.7 9.0 .58 1.30
M150 41 31 45 53 40 56 5.1 134 68 092
M230 47 30 49 63 Al 66 20.7 29.3 61 1.50
M250 38 23 38 52 30 50 1.0 3.7 67 1.00
M350 29 21 31 38 28 40 135 10 72 095
M430 45 29 50 58 37 63 12.9 221 66 1.55
M450 27 19 31 38 27 44 14.6 1.0 68 1.33
MA460 22 17 26 29 22 34 40.0 86 70  LI2
M850 23 16 26 32 22 35 35.3 6.7 70 120

dient of the more strongly evacuated flux sheets which leads
to a stronger broadening of the Stokes V' wings of Fe1 5250
compared to Fe 1 5247.

5. Discussion and conclusions

From the results presented in the preceding section we con-
clude that, as far as the layers around optical depth unity are
concerned, model M250 (a flux sheet with 200 km width and
an initial evacuation parameter of a = 0.5) is consistent with
the diagnostics formed on the basis of the network data while
model M350 (300 km width, o = 0.5) represents the observa-
tional data for plage data best. Flux sheets with significantly
different widths and models with different evacuation all fail to
satisfy the constraints set by our temperature and magnetic field
diagnostics.

The average continuum intensity emerging from the flux
sheet divided by that of the average quiet Sun of these models is
unity for M250 and 0.94 for M350. We thus confirm the result
of Solanki & Brigljevi¢ (1992) that the continuum intensity of
magnetic structures in plages is smaller than that of the average
photosphere. For the network structures, however, these authors
find indications for a somewhat larger value of the continuum
intensity.

‘We do not think that there is a contradiction between our re-
sults and the existence of magnetic ‘bright points’ with contin-
uum contrasts significantly larger than unity (e.g. Keller 1992).
There are indeed indications that magnetic structures in network
and plages show a distribution of sizes and continuum contrasts
(Spruit & Zwaan 1981; Zirin & Wang 1992; Keller 1992). Our
results indicate that the major part of the magnetic flux in both
cases resides in structures with no conspicuous intensity con-
trast but they do not exclude that some fraction of the magnetic
flux is in small, very bright structures which may be described
by our models with smaller widths and large continuum con-
trasts (M130 or M150). The same applies to larger and darker

structures. The ‘typical’ structures, however, should be similar
to our models M250 (network) and M350 (plage).

The main difference between network and plage magnetic
structures seems to be a somewhat lower temperature of the
latter. In our models this results from the larger width which
decreases the efficiency of lateral radiative heating. We must
keep in mind, however, that our models are isolated structures.
If the filling factor becomes large we may expect that the overall
convective energy transport is disturbed by the densely packed
magnetic structures so that the surroundings of the flux ele-
ments are cooler than for an isolated network element. This
would also reduce the efficiency of radiative heating and lead to
cooler structures. Since simulations for sheet or tube arrays are
presently not available we cannot definitely state that the lower
temperature of plage magnetic structures is due to a larger di-
ameter. We have shown, however, that this possibility cannot be
excluded since we have been able to construct models which
are fully compatible with the observational data.

A last remark may concern the question of flux sheets vs.
flux tubes. Although elongated structures are often observed
in intergranular lanes (e.g. von der Liihe 1987) the model of
a flux sheet is certainly an idealization. We may assume from
geometrical considerations that for a cylindrical flux tube ra-
diative heating is probably somewhat more efficient than for a
flux sheet of the same diameter (width). Therefore, flux tube
models which are consistent with the observational diagnostics
discussed above would probably be somewhat larger than our
flux sheets, though not drastically so as a comparison between
our models and the tube models of Steiner (1990) suggests.
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