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ABSTRACT

The temperature stratifications of plage and network fluxtubes
are determined by comparing a large number & observed Fe
I and Fe Il lines with LTE model calculations. The data are
also compared with profiles calculated using différent empirical
models published in the literature. Thus the sensitivity of the
technique employed in the present investigation to changes in
the temperature stratification is demonstrated. It is shown that
in order to reproduce our data correctly, a sharp dip in the
fluxtube temperature must occur in the photosplere, where the
temperatures of Auxtube and surroundings become similar (at
equal optical depth), contrary to the resulis of previous models.
The effects of different pressure siratifications on the depths
of the iron lines are briefly discussed and it is shown that the
pressure stratification giving the best agreement with the data
corresponds to a rapid expansion of the fluxtube hear the height
at which the temperature dip occurs.
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i. INTRODUCTION

A new approach to the empirical modelling of solar magnetic
fluxtubes was presented in two recent papers (Solanki and
Stenflo, 19842 and b). Using a statistical analysis performed on
the parameters of a large number of Fe I and Fe Il line profiles,
the effects of different physical quantities on these profiles could
be partially separated and information gained on the physical
structure of fluxtubes.

The two papers mentioned above explored the possibilities of
this approach by comparing observed profilea of a large number
of lines with the results of a very simple fluxtube model. Thus
estimates of the magnetic field strength, magnetic Glling factor,
microturbulence velocity and the temperature stratification of
the Auxtube were made. However, these estimates remain very
crude, since they were only mecant to illustrate the statistical
method of obtaining information on fluxtube properties.

Besides being one dimensional the exploratory model used
by Solanki and Stenflo (1984a and b) had twe major shortcom-
ings. The temperature difference between the surroundings and
the fluxtube at equal optical depth was assumed to vary ap-
proximately linearly with optical depth, and the pressure in-
side the fluxtube was determined by simply shifting the pres-
sure structure of the surroundings down by the Wilson depres-
sion. These simple, and probably ucrealistic, height dependences
for the temperature and the pressure were assumed in order
to facilitate the study of the diagoostic power of the statistical
method.

One of the aims of this paper is to ind more realistic height

dependences for these quantities. We shall concentrate on the
temperatuare, giving only secondary consideration to the pressure
and magnetic Geld, since the field strength can be determined
with greater precision using other methods, for example the line
ratio technique applied to the complete line profile as illustrated
by Stenflo {1984). The pressure can then be calculated directly
from the magnetic field if tension forces are neglected.

A second aim is to compare our observations with the profiles
resulting from models published in ¢he literature. In this way
the results of different modelling techniques can be directly com-
pared with each other.

2. METHOD OF DATA REDUCTION

2.1. The Data

The observational material used in the present paper has been
described in detail by Stenflo et al. (1984). It was obtained with
the NSO McMath telescope and the one meter Fourier transform
spectrometer adapted to record Stokes [ and V simultaneously.
1t consists of high resclution spectra of features near disc centre
ranging from the quiet sun network to strong plages, as well as
a recording of Stokes [ alone made in a quiel region. This last
spectruim has been used to eliminate filling factor effects in the
Stokes I profiles recorded in active regions.
1

2.2. Data Reduction

In order to study the sub-arcsecond fluxtubes, knowledge of the
intensity profiles produced completely inside the luxtube, Iy, of
a number of lines is required. The fy profile of a given line can
be recovered, in a firat order approximaton, from its observed
Siokes V profile using the relation

3
Io— Iy 1 / VN L.,
e — din’. 1
I oo Jy, L ()

I is the intensity of the continuum, M the wavelength, X; the
lower integration boundary, and Aly the Zeeman splitting given
by

Ay = 4.67 X 1071328, 2)

where g is the Landé factor and must be replaced by the effective
Landé factor g.sy for lines with anomalous Zeeman splitting. X,
1, and AXy arein A, and Bisin G.

Due to the observed area asymmetries, Ay and A, of the
Stokes V' profiles {difference between the areas of the blue and
red wings of Stokes V) discussed by Solanki and Stenflo (1984a),
the continuum has to be renormalized. This is done by multi-
plying the blue wing of V' by y/Ar/Ap and the red wing of V

by v/ Ay/Ar before the integration is carried out.
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The reduction procedure has been detailed by Solanki and
Stenflo (1984a and b), who have also discussed questions refer-
ring to the interpretation of Iy .

2.3. The Chosen Lines and their Parameters

The approximately 450 unblended Fe [ and Fe 11 lines used in the
present investigation bave been listed by Stenflo and Lindegren
(1977), and by Dravins and Larsson (1083) respectively. The
parameterisation of the lines follows Solanki and Stenflo (1984a).
The only parameters required for our purposes are the line depth
(d; for Stokes I and dy for Iy), and the line strength (Sr and
Sy respectively) defined as the area in Fraunhofer under the half
level chord of the line.

3. DETERMINATION OF THE TEMPERATURE STRUCTURE

3.1 Fluxtube Models and Radiative Transler

The Buxtube model used in the present paper, though similar to
the one described by Solanki and Stenflo (1884a), differs from
that model in several ilnportant points, and will consequently be
described in some detail.

Basically it is a two component model, the non-magnetic
part of which is given by the HSRA (Gingerich et al., 1971).
The pressure of the magnetic portion can be determined in two
ways. a) by specifying a single parameter, Zw, which gives the
amount by which the pressure structure of the HSRA is shifted
down: Payxtubefl Z — Zw) = Pusra{Z), with Z being the height.
Z increases outwards and Z = 0 at r5000{HSRA) = 1. b) The
pressure at cach height is specified directly, allowing different
forms of the height variation of the pressure to be tried out.

The temperature siratification is determined by specifying
the temperature difference at equal optical depth, AT(r) =
Tauxtube(r) = Tsurrcundings{7), at a number of optical depths
and assuming AT to be approximately linear between them.
The number of points, IV, at which AT is to be specified can
be changed. For N = 2 the model used by Solanki and Stenfle
(1984a and b) is recovered, while for a larger number of points
more general temperature structures are possible.

Once the pressure and temperature have been determined,
the density can be derived from the ideal gas equation, and the
magnetic field can be calculated using the relation for pressure
equilibrium

B = M"II'SW(PHSRA — Pluxtube) - (3)
A further parameter is the ratio of the microturbulence velocity
inside and outside the fiuxtube: f = Epuxtuybe/€HSRA. The

choice of this parameter is irrelevant for the present investigation
since the resulis presented here are derived from the line depths
alone. f has therefore been set to 0.7, a realistic value according
to Solanki and Stenflo (1984a).

The LTI radiative transfer calculations are carried out ex-
actly as in Solanki and Stenflo {1984a and b) except that the
electron pressure and the continuum opacity are now determined
using the code described by B. Gustalsson (1973).

3.2. Summary of the Temperaiure Information Previously
Obtained from the Scatterplots

The temperature information obtaiced by Solanki and Stenflo
(1984a and b) was mainly derived from the two scatterplots
In{dy /dy) vs. 5y and ln(dy /d;) vs. x7, with x* = xe + x4,
where x. is the excitation potential of the lower level of the line,
and x; = 0 eV for Fe | and 7.87 eV, the ionisation potential of
neutral iron, for Fe 1. They showed how the temperature at two
different heights can be determined from these diagrams using
their fluxtube model (N = 2, ¢f. Sect. 3.1). According to this
model AT increases steeply downwards from a value of 0—300 K
at r5000 = 10~ to 1000 K at 5000 = 1 for network fuxtubes,
but reaches only 300-400 K at 5000 = 1 for plage fluxtubes. It
was also pointed out that by comparing how a model fitted both
the plots (In (dv /dr) vs. 5; and vs. x*} simultaneously, it would
be possible to set some constraints on the height dependence
of the temperature. For the network at least, this comparison
suggested that a linear AT(r) was not the ideal choice.

It was also found that these two plots are independent of the
Wilson depression, i.e. of the assumed magnetic field strength, as

long as the pressure inside the fluxtube is determined by method
a) [cf. Sect. 3.1.]. The effects of other T and B stratifications on
these plots were not studied.
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Fig. 1s. Temperature siralifieations of different network models relative to the
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3.3. The Temperature with Fixed Pressure Siratification

In order to determine the temperature stratification about 100
models have been evaluated, all being identical in every respect
but their temperatures. For each model the profiles of about
40 hyposthetical Fe T and Fe II lines having different oscillator
strengths and excitation potentials have been calculated,

One of the first results to emerge {rom these calculations
was that in practically all models the Fe I and Fe Il line cores (it
should be kept in mind that only the line depths are evaluated
here) are sensitive to the temperature over twe different height
ranges, the strongest Fe II lines being formed close to the level
where the weakest Fe I lines are formed. This result that the Fe
I lines are formed higher in the atmosphere seems to contradict
the sensitivity of the weaker Fe I lines to the temperature at
rsooo = 1 found by Solanki and Stenflo (1984a). However, this
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Fig. 1b. In{dy fd;) va. 51 for nelwork data (Fe 1 light shading, Fe I\ dark
ahadiog) and the models: - - . . Hirayama (1978} model B;—x—: Koutchmy
and Stellmacher {1978);— « —: Stelimacher and Wiehr (1978);—«.— : models 3E
and BN, Model curves labeled ‘17 refer Lo Fe |, Lhose [abeled ‘2° refer to Fe 1.
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sensitivity was a result of the coupling between the temperatures
at different heights due to the assumed linearity of AT(r)in their
exploratory model.

Another interesting result is that the best At temperature
stratification is not unique, with different models giving similar
fits to the data. Two such models which give good fits to
our network data {models 3E and 6N) are plotted in Fig. la,
together with the common wetwork and plage model of Stenflo
(1975} , Hirayama’s network model B (1978}, the filigree model
of Koutchmy and Stellmacher (1978), the common filigree and
faculae model of Stellmacher and Wiehr (1879), and the HSRA.

How these models compare with the data isillustrated in Fig.
1b, where In (dy /dy) is plotied vs. 57 for the data (light shading:
Fe | lines, dark shading: Fe II lines), and for lines calculated
using some of the models plotted in Fig. 1a. The symbols used
for each model are the same in both plots. In order to keep Fig.
1b from getting too crowded the Fe II curve of Koutchmy and
Stellmacher (1978) which is very similar to the curve resulting
from the Stellmacher and Wiebr (1079) model together with the
curves of Stenflo’s (1975} model have not becn plotied. However
the results of Stenflo’s model can be seen in Fig. 2b. The results
of the models 3E and 6N lie so close together that they are both
represented by the same curves.
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Fig. 2a. Temperature stratifications of different plage models relative Lo the
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Fig. 2a shows T(r) for the HSRA, Stenflo’s (1975) model,
model Z of Hirayama (1978), the facular model of Chapman
(1979), the medel of Stellmacher and Wiehr (1979) and two of
our plage models giving good fits to the data (6K and 6P).
The plage data are compared with the results of the model
calculations in Fig. 2b. To avoid crowding, the results of the
model of Stellmacher and Wiehr (1979) have not been repeated
from Fig. th.

Finally, it is shown in Fig. 3 how the different models com-
pare with the data in the In(dy/df) vs. x" diagram using
data from a network region and the models of Stenflo (1975),
Hirayatna (1978, model B}, Koutchmy and Stellmacher {1978),
Chapman (1979), Stellmacher and Wiehr (1979}, and our net-
work models 3E and 6N. These two modecls give such similar
results that again only one curve has been plotted. The models
have been shifted in such a way that they all reproduce the Fe
1T data.

In the following we list some comments on the figures and the
models presented above:

e The large spread of the model curves in Figs. 1b and 2b is
evidence for the temperature sensitivity of our method. It
also reflects the different types of data on which the models
are based. Usually the data come from more or less high
spatial resolution Stokes [ or continuum observations (and
sometimes both), the exceptions being Stenflo {1976), who
also used the Stokes V' profiles of two lines, and our models,
which are based on the Stokes { and V profiles of hundreds

of lines. The models using Stokes [ and V represent just
the magnetic regions of the golar photosphere, whereas other
models may reproduce properties of non-magnetic regions as
well. One component ‘average facula’ models (e.g. Shine and
Linsky, 1974) bave not been included, since they represent
averages of the magnetic and non-magnetic components of
active regions and thus cannot be directly compared to our

models.
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e It is confirmed that network and plage fluxtubes have a
different temperature structure, with network Ouxtubes hav.
ing higher temperaturcs in their lower regions, as pointed
out by Solanki and Stenflo (1984a), and by [lirayama (1978).
However Hirayama used the cxpression facular granules and
rejected the idea of the magnetic field outside sunspots being
concentrated into small fluxtubes.
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Fig. 3. In(dy/d;) vs. x' for network data (Fe L: light sbading, Fe 1I- dark shading)

and Lhe modddsi—— ==t Stenflo {1478); « » + + +° Ihirnyama {1978) model B;
-y —: Koutchmy and Stellmacher {1U78),—» —: Stellmachuer and Wichr [1979);
— wo—: models 3 and 6N,

e Although the temperature structures of models 3E and 6N
may look very different at first sight, they have certain im-
portant features in common. The main difference is the tem-
perature at r59p0 = 1071, Whereas model 3E has AT{r =
10~1) = 400 (compatible with the UV observations of Cook
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et al. (1983)), model 6N is similar to Stenflo’s (1975) model
in the upper photosphere. The Fe I lities are formed atound
and immediately below the temperature minimum of the
respective model atmosphere. Thus the higher temperature
of model 6N at r — 10—* leads the Fe 1 lines to be formed Tur-
ther down, so that we “see” differeht heights wheb we ook at
the Fe I lines in the two models. The structure of the models
below their respective temperature minima is very similar, so
tbat thodel 8N is very similar to model 3E with the tethpeta-
ture minimum shifted down by a factor of ten in the optical
depth. The same comment is valid fot the network models
6K and 6P. The importapt point i that the spproximate
shape of the temperature stratification refnaing the same. In
particular a3 pronounced depression in T i3 needed at some
height, where the fluxtube temperature approaches the tem-
perature of the surroundings at cqual optical depth. Whether
this mipimum in the temperature is real or is an artifact of
the simplified model assumptions made in Section 3.1 cannot
be decided at present.

4 All the models except Chapman’s reproduce the Fe I lines
faicly well. This reflects the relative temperature insensitivity
of Fe Il.

¢ The it to our data by our models, though rcasonable is
not perfect. In particular the calculated depths of the Fe
I lines with line strengths betwcen 4 and 8 Fraunhofer are
smaller than the observed values in both plage and network.
The difference is particularly noticeable in the network. A
number of explanations for this discrepancy suggest them-
selves. The simplest is that we just have not feund the cor-
rect demperature stralification yet. Other possibilities include
eflects resulting [rom departures from LTE, from the fluxtube
geometry, from the observed asymmetrics of the Stokes V
profiles, (rom the chosen pressure siructure, or from a com-
bination of some or all of these. Whereas the quantitative
determination of any one of the first three effects is a sizable
task by itself and lics well beyond the scope of the present
paper, the last effect can be studied fairly casily and is the
subject of the Tollowing seclion.

3.4. Influence of the Pressure Stratification

Using models having the same temperature structure but different
pressure siratifications, the infAuence of pressure on the spectrum
has been analysed in a crude way. It is found that 2z proper
choice of the pressure stratification can improve the agree-
ment between our models and the data in Fig. 2b almost
to perfection. However, this effect on the spectrum is critically
dependent on the shape of the pressure curve and on the relative
pressure and temperature stratifications. When translated into a
magnetic licld strength using eq. (3), the most successful pressure
stratification gives a steep drop in the magnetic field at about
the same height at which the temperature drops too. A similar
magnetic field structure also improves the fit of our plage models
to the data considerably. The main difference between the plage
and network magroetic field stratifications is that in the net-
work the magnetic ficld drops to a lower value than in the plage.

It is of interest to note that the pressure stratifications which
produces these improvements are very similar to the ones that
best reproduce the Stokes V asymmetrics in unpublished cal-
culations by the author. The obvious interpretation would be
a fanning out of the magnetic field at this height. Further up
the magnetic field again assumes a morc gentle gradient, which
could be a result of neighbouring fluxtubes coming into contact
with each other due Lo their rapid expansion, ln this picture the
plage Duxtubes cannot expand as much as the network fluxtubes
due to the larger magnetic filling factors in the plages, in agree-
ment with our result that the magnetic ficld decreases to a lower
value in the neiwork. However, we would like to caution that
these results are only based on a very brief analysis and that
more thorough investigations are needed.

4. CONCLUSIONS

We have utilized the technique described by Solanki and Stenflo
(1984a and b) to detcrmine the temperature structures of plage
and network fSuxtubes. The results of our model, which shows
the temperature to have a pronounced depression at the height
of formation of the Fe I spectrum, have been compared with

those of other empitical models. As may be expected for models
based on quite different tata, the resulting line profiles vary
considerably. Since ottt model i¢ bdsed on Stokes V data it has
the advantage that it should be free from the problems caused
by straylight from non-magnefic regions, which have plagued
rookt empirical models iii the past.

The interpretation of the temperature dip in our model ia left
open. We limit ourselves to remarking that the results of models
with different pressure stratifications indicate a rapid expansion
of the fluxtubes. The need for more general two dimensional
fluxtube models thait those baséd on the similarity assumption
(Schliitet abd Temesvary, 1958; Osherovich et al., 1883) is clearly
felt. Giovanelli (1880) has presented empirical evidence indicat-
ing very rapid expansion around and above the temperature
minimum leading to canopies, which however spread over areas
larger than those covered by our observations, and probably
represent a different (though related) phenomencn as compared
with the expansion discussed in Section 3.4.

Another open question is the fluxtube temperature structure
above the level at which most of the Fe I lines are formed. This
fevel is at about logr = —2 in the models 6N and 6P, and could
lie even lower in the photosphere. This temperature can best be
determined by carrying out NLTE calculations. Even the present
work is probably affected by departures from LTE, since we have
three Fe I lines in cur sample sironger than Fe [ 5434 A, the core
of which is formed in NLTE in the quiet sun atbmosphere (Altrock
et al., 1975). The higher layers can howevr be reached by the
moderately strong Fe [ lines il' their centre-to-limb variations
are used.
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