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Abstract. Although the temperature structure of small-scale
magnetic features in the lower and middle photosphere has been
constrained quite well, there are still considerable uncertainties
in the upper photospheric and lower chromospheric thermal
structure. As a step towards an improvement of this situation
we investigate, using a non-LTE analysis, the diagnostic capa-
bilities of the Stokes I and V profiles of the Mg I b, 517.3nm
and the Mg I 457.1nm lines. We find that the V' profile of the
former line can constrain the magnetic element thermal and
velocity structure near the temperature minimum, which goes
beyond the capabilities of the commonly used Fe I and II lines.
The A457.1nm line, on the other hand, does not provide any
additional information on its own. A comparison of synthetic
profiles with plage and network Stokes I and V' spectra con-
firms the findings of Bruls & Solanki (1993) that the chromo-
spheric temperature rise starts at a substantially lower height
in magnetic elements than in the quiet Sun. Some of the ambi-
guities in previous empirical models of magnetic elements are
also removed. We confirm that small-scale magnetic features
are associated with larger line broadening velocities than the
quiet Sun, particularly in the higher layers. Finally, the Mg I b,
line is revealed to be a direct diagnostic of the merging height
of magnetic elements.
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1. Introduction

There is increasing evidence that the lower solar chromosphere
is highly structured, with hot flux tubes embedded in a medium
that is at least in part cooler than the minimum temperature of
traditional solar atmospheric models (e.g. Ayres & Testerman
1981; Ayres 1981; Ayres et al. 1986; Solanki & Steiner 1990;
Solanki et al. 1991, 1994). The cool non-magnetic parts of the
lower chromosphere can be studied using CO vibration-rotation
transitions in the infrared (Ayres et al. 1986; Uitenbroek et al.
1994). Comparable diagnostics for the upper photosphere and
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Fig. 1. Term diagram of the atomic model used in the computations

lower chromosphere of small-scale intense magnetic features
(referred to here as magnetic elements) are not so well devel-
oped. A knowledge of the upper photospheric or chromospheric
temperature structure is important, however, to constrain heating
mechanisms. Initial constraints on the onset of the temperature
rise in magnetic elements were set by Bruls & Solanki (1993,
hereafter BS93). They found that the chromospheric temper-
ature rise starts at deeper layers within magnetic elements in
plage and network regions than in the quiet Sun, mainly from
the Stokes V profile shape of Fe II 492.3nm. A chromospheric
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Table 1. Adopted atomic parameters of the investigated transitions. The first column gives the wavelength of the transitions considered, the
second identifies the levels involved. Their energies are indicated in the third column. The fourth column lists the oscillator strength, the fifth

column the radiative damping and the last column the effective Landé factor

wavelength (nm) Label E(cm™) f Go (571 [ gess
457.11 3s3p°Pto3s* 'S 21870.464 to 0.000 3.55x 107% | 4.30 x 10> | 1.50
517.27 3s4s S to 3s3p *P | 41197.403 to 21870.464 | 1.37 x 10™' | 1.02 x 108 | 1.75
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Fig. 2. Comparison of the Mg I b; line profiles computed using HSRA and FAL C with an observed quiet Sun profile. The right panel shows a

close-up of the central part of the line

onset in deeper layers creates an inversion in the core of the V'
profile of this line, since it is formed close to Local Thermody-
namic Equilibrium (LTE). However, the Fe I and II lines they
used are not sufficiently temperature sensitive to unambiguously
determine the actual height of the start of this temperature en-
hancement or the temperature structure of the layers immediatly
below it. Lites et al. (1987) studied sunspot umbrae using obser-
vations of the Mg I intercombination line at A457.1nm, which,
at least in umbrae, shows a similar behaviour to Fe I1492.3nm in
hotter atmospheres. They concluded from the observed V' pro-
file shape that the chromospheric temperature rise starts higher
than in the umbral atmosphere of Maltby et al. (1986). Another
approach was taken by Solanki et al. (1991). They constrained
the temperature above the level of the traditional temperature
minimum using observations of the unpolarized Ca II K line

core. Since the non-magnetic atmosphere also contributes sig-
nificantly to the unpolarized profile, this approach has its limi-
tations. Polarized observations, such as those of Martinez Pillet
et al. (1990) may extend the capabilities of the Ca II K line to
diagnose magnetic element thermal structure. Finally, Walton
(1987) employed the wings of the Mg I b, line to constrain the
temperature in his facular model.

We take yet another approach which combines elements of
the approaches described above. We simulate Stokes I and V'
profiles of A457.1nm and the stronger b, A517.3nm line and
compare these with profiles observed in an active region plage
and in enhanced network. Both lines are calculated in non-LTE
(NLTE), although for the former this is an unnecessary precau-
tion. By using Stokes V' we ensure that we achieve considerably
more unique results, since Stokes V' is sensitive mainly to the
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Fig. 3. Comparison of the observed and computed profiles of the
457.1nm line in the quiet Sun. The microturbulence is 1 km s7!, the
macroturbulence is 1.3 km s~

atmosphere within the magnetic elements. Its use thus allows
us to overcome some of the observational problems associated
with the small horizontal size of magnetic elements.

We are also interested in the line broadening velocity in the
upper photopheric layers of magnetic elements relative to the
quiet Sun values. Any enhancement within the magnetic ele-
ments would be suggestive of an enhanced wave flux, which
might be related to the deeper chromosphere within magnetic
elements. Early work suggested a total turbulent velocity within
magnetic elements that is considerably larger than in the quiet
Sun (Solanki 1986). More recent and considerably refined esti-
mates (e.g. based on NLTE studies) show a smaller difference
(BS93). These estimates are based on weak or medium strength
iron lines whose flanks get their main contributions from the
lower or mid photosphere. Here we consider the much stronger
b, line, whose core should give us information on the broadening
velocity in the upper photosphere.

The observed Stokes I and V' spectra with which the com-
puted profiles are compared have been obtained with the FTS
polarimeter at the McMath-Pierce telescope on Kitt Peak on 29-
30 April 1979. The data have high spectral resolution and S/N
ratios, but low spatial resolution. For more details on the obser-
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vations see Stenflo et al. (1984) and Solanki (1987). We have
three spectra of the A517.3 nm line at our disposal. They were
obtained in the enhanced network and a strong plage (Stokes I
and V'), and in the quiet Sun (Stokes I only). For the A457.1nm
line we possess I and V' spectra from strong plage and the net-
work. The spectrum of this line in the quiet Sun is taken from the
Kitt Peak atlas (White et al. 1972). All the observations were
carried out near the center of the solar disk (1 = 0.92 for the
plage, i = 0.98 for the network, and p =~ 1 for the quiet Sun).

In Sects. 2, 3 and 4 we outline the computational method,
atomic model and atmospheres used. In Sect. 5 we investigate
whether these lines have the necessary diagnostic capabilities.
Finally, we present the results in Sect. 6 and discuss them in
Sect. 7.

2. Computational methods

The NLTE computations of Stokes profiles are based on the
field-free approximation (Rees 1969), i.e. on the assumption
that the Zeeman splitting does not alter the populations of the
levels. We expect that this approximation is valid since the line
is formed sufficiently deep in the atmosphere for the Zeeman
sublevels to be collisionally coupled together (Auer et al. 1977).
Thus, the radiative transfer equation may first be solved using
a code that does not treat polarization effects in order to obtain
level populations and opacities. A second code then formally
solves the transfer equation for the Zeeman split Stokes vector
using the source function, level populations, Doppler width,
damping constant and opacities obtained in the first step.

We use a revised version of MULTI (Scharmer & Carlsson
1985; Carlsson 1986) to compute the first step, i.e. to carry out
unpolarized radiative transfer in a plane parallel medium, with
NLTE line source functions. The version we use can treat each
transition with complete or partial redistribution in frequency
(Uitenbroek 1989). However, the Mg I b, and the intercombina-
tion line are formed sufficiently deep in the atmosphere to enable
us to neglect partial redistribution effects. For the second step,
namely the calculation of the Stokes parameters, we employ
the code SPSR developed by Rees et al. (1989) and Murphy &
Rees (1990) which computes the Stokes profiles by solving the
Unno-Rachkovsky equations. It is based on the DELO (Diago-
nal Element Lambda Operator) method.

3. Atomic model

We employ a Mg I atomic model consisting of 11 levels plus
a continuum, with 15 transitions. Tests with different atomic
models show that this model reproduces the lines of interest
to sufficient accuracy at a minimum cost of computing time.
The atomic scheme is given in Fig. 1. Table 1 lists some of
the adopted values of parameters describing the two transitions
investigated here.

All the parameters adopted are the ones used by Carlsson et
al. (1992) for the computation of the 12m Mg I lines, except for
the treatment of the triplet 3p 3 P. In order to properly compute
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Fig. 4. Temperature T" versus logarithmic continuum optical depth at 500nm, log(7sm), of atmospheric models of network (left frame) and plage
(right frame) magnetic elements (models taken from BS93). In both plots the thick line represents the HSRA (quiet Sun)

the A457.1nm and A517.3nm lines, we consider the three levels
of this triplet separately.

The f values have been taken from Mendoza & Zeippen
(1987), except for the transition between 3s? 1Sy and 3s3p 3P,
for which f has been chosen such as to provide a good fit of
observations of the quiet Sun. The radiative parameters are cal-
culated following Unsold (1955). The A517.27nm line is very
sensitive to the amount of van der Waals damping. According
to Lwin et al. (1977) and O’Neil & Smith (1980) van der Waals
broadening may be better reproduced by a 7%* dependence
rather than the traditional 7°- one. We have tested the two de-
pendences, employing the formula given by Unsold (1955) for
the T°* dependence and modifying it according to the recipe
provided by O’Neil & Smith (1980) for the 704 dependence:

T's = gsangT™,

where ny is the hydrogen number density, 1" is the tempera-
ture, n = 0.3 or 0.4, and g¢ is the Van der Waals parameter. In
accordance with previous investigators we have allowed the g
obtained from the Uns6ld formula to be enhanced by a multi-
plicative factor .. If we allow this factor to be a free parameter
then we can obtain almost identical profiles for both tempera-
ture dependences. We have adopted the 7°- dependence, with

a g¢ factor of 1 and 5 for the A457.1nm and A517.3nm lines,
respectively.

Photoionisation has been explicitly computed for all levels.
The values come from Hofsaess (1979). We have checked that
the resonance peaks in the photoionisation cross-sections do not
influence the profile of the lines under study.

Collisional rates for bound-free transitions were calculated
with Seaton’s approximation, as given by Allen (1976)

4., Atmospheric models
4.1. General structure of the model

The model we consider for the atmospheric structure is com-
posed of two components: a magnetic component described by
a flux tube, embedded in a non-magnetic medium which is de-
scribed by a model of the quiet Sun. The magnetic and pressure
stratification of the flux tube component is based on the thin
tube approximation (e.g. Defouw 1976; Schiissler 1986), i.e.
horizontal and vertical force balance is decoupled, and reduced
to strict pressure balance:

B%(z)

Pi(z) + oy

= Pe(2)
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Fig. 5. Line source functions (solid) compared to the Planck function (dashed) at ’different wavelengths in the line for the quiet Sun (HSRA).
Left frame: A457.1nm; right frame: A517.3nm. The vertical ticks indicate the location of 7,,=1 at different wavelengths in each line (from left
toright Av=0.,0.8, 1.7, 3.0,4.5,6.4,9.2, 13.1, 18.8 and 27.3pm for A457.1nm and 0., 1.7, 4.0, 7.5, 13.8, 25.4, 48.4, 94.7pm and 0.189nm for

A517.3nm)

ap

The first equation describes the horizontal pressure equilibrium.
P;(z) and P,(z) are the height dependent gas pressures in the
interior and exterior of the flux tube, respectively, and B is the
magnetic field strength. The second equation describes hydro-
static equilibrium, with p being the gas density and g, the solar
gravitational acceleration. Turbulent pressure is neglected, in ac-
cordance with the finding that turbulent velocities derived from
the fits to the Mg I lines are clearly subsonic. In order to com-
pletely describe the flux tubes, conservation of magnetic flux is
imposed and the equation of state is prescribed. Instead of em-
ploying an energy equation we determine the thermal structure
from a fit to the observations.

Since the external gas pressure decreases with height the flux
tube expands, until it merges with its neighbours. This merging
height depends on the filling factor a, i.e. on the fractional area
covered by magnetic structures at the level at which 7spp=1 in
the quiet Sun (e.g. Spruit & Roberts 1983; Pneuman et al. 1986).

The radiative transfer is carried out along 10 rays parallel
to the axis of symmetry of the flux tube. Their distance from

the flux tube axis is chosen such that the intersection points
of the various rays with the flux tube boundary are equally
spaced in the vertical direction (cf. Solanki & Roberts 1992).
Consequently, each ray represents a plane-parallel atmosphere,
composed in general of a magnetic (upper) and a non-magnetic
(lower) part. Stokes I and V profiles are computed along each
ray independently, i.e. lateral radiative transfer is neglected. The
weighted average of all computed profiles is then compared with
the observations. The weighting takes into account the cylindri-
cal geometry of the flux tube and the inequal horizontal spacing
of the rays.

4.2. Non-magnetic atmospheres (quiet Sun)

Figure 2 shows a comparison between Stokes I profiles of
A517.3nm computed with two quiet Sun models (HSRA, Gin-
gerich et al. 1971; and FAL C, Fontenla et al. 1993) and obser-
vations obtained in the quiet Sun. The microturbulence, &, is
1 km s™! and no macroturbulence has been employed for these
calculations. Although the core of the computed profile is too
deep, the flanks and inner wings are better reproduced by the

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


http://cdsads.u-strasbg.fr/abs/1995A%26A...299..596B

FTIOBARA  299: Z596BT

C. Briand & S.K. Solanki: Empirical models of solar magnetic elements 601

6.5x107 T T

6.0x107 f

T
7

=

5.0x107

o
(4]
X
pay
o
~N

(erg.cm".s".ster".nm")

» 4.0x107 o

3.5x107 . \o

(&)

w

X

pey

(=}
~N

T

==
-

LR B

T I RS SR i

-0.020

.020

5.0x107 — T -

o o o
X X X
poy - poy
o o (=]
~N ~N ~N

(erg.cm™s™.ster".nm™)

1.0x107
a

ARAALALA) LALLM RAMALARAS) SAAL A sa s st

[]

FEVS FRTSTVETE FYRVEVITTL INYRTTTITI SPPTOTPA

-0.06 -0.04 -0.02 0.00 0.02

AN (nm)
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The intercombination line is plotted on the left, the b, line on the right

HSRA. Since these parts of the line have the best diagnostic
capabilities for our purposes (see Sect. 5), we have adopted the
HSRA as the non-magnetic component for all our models. The
Holweger & Miiller (1974) model provides an even better fit to
the observed profile of this line (Lemke 1986), but the absence
of a chromospheric temperature rise takes it out of contention
for the present purposes.

Figure 3 illustrates the result of a computation of the in-
tercombination line with the HSRA. A macroturbulent velocity
must be employed for a typical photospheric line such as this.
We have found that the best result is obtained for a value of 1.3
km s~!. The remaining difference between observed and com-
puted profile is due to the asymmetry of the line which is not of
consequence for the present analysis.

4.3. Magnetic atmospheres

The magnetic elements in the network and in plage regions have
different temperature structures (e.g. Hirayama 1978; Solanki
& Stenflo 1984). Thus, Solanki (1986) and Keller et al. (1990)
constructed different atmospheres for network and plage flux
tubes. Grossmann-Doerth et al. (1994) have demonstrated that
the lower temperature of magnetic features in regions with large
filling factor (plage) relative to features in regions with smaller
filling (network) can be explained by the existence of slightly
larger flux tubes in the former case. The thermal structures ap-

pear to differ mainly in the lower photospheric layers. In par-
ticular, the chromospheric temperature rise does not appear to
depend too strongly on the filling factor (BS93). We start our
investigation with the only set of Stokes V based empirical mod-
els that includes a chromospheric temperature rise, namely the
nine models constructed by BS93. The thermal profiles of these
models are plotted in Fig. 4 (cf. also BS93).

Line profile calculations based on these models (Sect. 5)
show that the Mg I b, line is a better diagnostic of upper photo-
spheric temperature than the Fe II 492.3nm, the line used most
heavily by BS93. Thus, although their observations were accu-
rately reproduced by more than one of their models, we find that
the b, line observations are not satisfied by any of them. There-
fore, after an initial set of calculations with the BS93 models
we construct further models that are modifications of the best
fit BS93 models. Basically, we first modify the T'(7) stratifica-
tion and then calculate the rest of the atmospheric parameters
consistently therefrom. We then compute the Mg I lines in this
modified model, compare them with the observations and iterate
until the latter are reproduced to our satisfaction.

5. Sensitivity of the lines to atmospheric parameters

The Mg I lines in the optical are not particularly sensitive to
the magnetic field strength and should always be used in con-
junction with a magnetic diagnostic such as the 525.02/524.71
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Stokes V' line ratio. Fortunately, the FTS spectra analysed here
include these two Fe I lines, and the field strengths for the ob-
served plage and network regions are well known (e.g. Solanki
et al. 1987; Keller et al. 1990). In the following we therefore
only need to investigate the capabilities of the two Mg I lines to
diagnose temperature and turbulence velocity.

5.1. Temperature

The A\457.1nm line is a forbidden transition. Consequently, vari-
ations of electron density will influence the rate of the transi-
tion. This line is thus formed very close to LTE, as may be seen
from Fig. 5. This finding is in good agreement with previous
results (e.g. Lemke 1986; Mauas et al. 1988). The A517.3nm
line is formed over a greater height range and its core is formed
at a height at which the source function has decoupled from
the Planck function. However, except in its core, this line is still
formed very close to LTE. Consequently both lines are expected
to be temperature sensitive.

In order to quantify these findings and to observe the in-
fluence of temperature changes on Stokes I and V, we have
computed the profiles for all the atmospheres constructed by
BS93. Only a single ray corresponding to the flux tube axis is
considered for these initial test calculations. The most informa-
tive comparison is between models NCHROM?2, NCHROM4
and NCHROMS. These atmospheres differ mainly in the mid
and upper photosphere (Fig. 4). The resulting Stokes I and V'
profiles of the two lines are plotted in Fig. 6. The V profile shape
of the A517.3nm line is much more sensitive to temperature vari-
ations than the A457.1nm Stokes V. The lack of sensitivity of
the V profile shape of A457.1nm to temperature is disappoint-
ing. This line is too strongly weakened in all three models to
react to the chromospheric temperature like Fe II 492.3nm, i.e.
by showing an inversion in its core, particularly in Stokes V.
The shape of this line does react, however, if the temperature is
lowered, e.g. to below the quiet Sun value. !

The dominant effect of the temperature rise in the upper half
of the photosphere on the A517.3nm V profile is to broaden
and move the peaks apart and to strengthen the inner wings.
This is basically a consequence of the weakening of this line
in response to increasing temperature. In the weakened Stokes
I profile the core extends to greater intensities, i.e. to greater
A (corresponding to outwards shifted Stokes V' peaks) and the
wings are weaker, i.e. steeper (leading to stronger Stokes V
wings). Recall that in ahomogeneously magnetized atmosphere,
such as the ones used for these calculations, V' ~ % for a
weakly split line. This condition is fulfilled to a high degree
by both Mg I lines, even in the presence of a kilogauss field.
It is important to note that the A517.3nm V' profile shape can
distinguish between models 2 and 4, although both are equally
consistent with Fe I and II polarimetric data (BS93).

The I profiles of both line are almost equally sensitive to
temperature, as can be seen from the left-hand panels of Fig. 6.
' The V amplitude of this line changes from model to model, but
this property is shared with, e.g., most of the iron lines and does not
deserve closer scrutiny at present.
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However, as a consequence of the greater sensitivity of its Stokes
V profile shape, we shall use A517.3nm as the main diagnostic
and the intercombination line only to check the results.

5.2. Microturbulence

Microturbulence, &, produces a broadening of the Stokes I
profile of A517.3nm (Fig. 7, left hand panel) and influences the
shape of the V' profile (Fig. 7, right hand panel). The maxima of
the Stokes V' o-components move apart as &,,,;. increases, but
their width is not modified. The core becomes flatter, while the
wings remain unaffected. Again, the behaviour of V' is simply a
reflection of the broadening of Stokes [ via V' ~ %. The main
point to note is that the I and in particular the V profile are
affected in a different manner by &,;. than by the temperature
(this is true also for the other temperature stratifications tested).
For example, the V profile shows no enhancement of the wings
with increasing &,,c.

6. Results
6.1. Observed V and % profiles

Consider first the observed profiles. The observed Stokes V'
(solid) and % (dashed) profiles are plotted in Fig. 8 for the
network (upper panel) and plage (lower panels).
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Fig. 10. Stokes V profile (thick solid line) of A517.3nm observed in a network, as well as % obtained in the quiet Sun (—), network (- -) and

plage (- - -)

Most apparent is the similarity between % and V in the
plage and the difference between them in the network. The
difference is not due to the breakdown of the weak-field ap-
proximation; the two lines are simply too broad and Zeeman
insensitive for that. Rather, it points to differences in the atmo-
spheres in which Stokes I and V' are formed. In the network,
which has a small magnetic filling factor, Stokes I gets hardly
any contribution from inside the magnetic features and almost
only samples the non-magnetic fraction of the atmosphere. In
the plage, on the other hand, Stokes I also gets a non negligible
contribution from the magnetic elements. Note that except for
the asymmetry, the Stokes V' profiles from the two solar regions
have very similar shape, it is mainly the I profile which changes.
To illustrate this we plot in Fig. 9 % of A517.3nm in the quiet
Sun, network and plage, together with its network V' profile.
Note how % approaches Stokes V' in shape as the magnetic
filling factor increases.

A more subtle point is also visible in Figs. 8 and 9. The plage
V and %‘ profiles of A517.3nm agree relatively well in the line
core, but differ by increasingly larger amounts in the line wings
with increasing distance from the core. A similar behaviour is

also exhibited by the wings of the network profile. We propose
the following qualitative explanation for this observation. In
the lower photosphere the magnetic filling factor is relatively
small, so that the differences between the two components of
the atmosphere manifest themselves as differences between %
and V in the wings of A517.3nm (due to the larger filling factor
in the plage, this effect is smaller there). At greater height the
flux tubes have expanded so that I and V' sample more nearly
the same atmosphere. Consequently V" and %\- are more similar
to each other in the inner wings. In the plage the flux tubes are
sufficiently close to each other to merge at approximately the
formation height of the A517.3nm core, i.e. in the temperature
minimum layer, while in the network the merging takes place in
a higher layer (e.g. Pneuman et al. 1986; Steiner & Pizzo 1989;
Solanki & Steiner 1990). Thus V' and j—f\ are similar in the core
of the plage profile, but different in the core of the network
profile. The asymmetry of the network V' profile is likely of
the same origin as the asymmetry of photospheric V' profiles,
i.e. due to light passing into the magnetic elements from the
downflows surrounding them (Grossmann-Doerth et al. 1988).
In the following we make no attempt to model the asymmetry
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Fig. 11. Temperature 7' vs. logaritmic continuum optical depth
log(7sp) of the new atmosphere for network magnetic elements
NCHROM?7, plage magnetic elements PCHROM4, and the quiet Sun
model HSRA (solid line). The flux tube temperature is largely uncon-
strained by observations for log 7500 < —4

and mainly try to reproduce the blue wings of the observed
profiles.

The observed profiles on their own thus already suggest that
the A517.3nm line is not only a good diagnostic of the ther-
mal structure, but actually responds to the flux tube expansion
and magnetic merging height, making it a unique diagnostic in
this respect. In the following we describe the more quantitative
results of the modelling.

6.2. Network

As pointed out by BS93, the models NCHROM2, NCHROM4
and NCHROMG reproduce the Stokes V profiles of Fe I and
II lines almost equally well. Consequently, we have first com-
pared the line profiles resulting from these particular models
with the observations (Fig. 10). Those can distinguish between
these three models if we concentrate mainly on Stokes V. In ac-
cordance with previous analyses of this FTS spectrum, a filling
factor of 5% combined with 1.5-D radiative transfer along 10
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rays and B(z = 0) = 1500G are used and turn out to be satisfac-
tory values of these parameters. The non-magnetic component
is described by the HSRA with height independent microtur-
bulence fixed at 1 km s~!. The magnetic component also has a
height independent microturbulence derived by fitting the ob-
servations, which gives 1.6 km s~ ! within an error of +0.1 km
s~ 1. None of the models provides a perfect fit to Stokes V, with
NCHROM4 coming closest to this aim. The fits to Stokes I also
all leave something to be desired (interestingly the quiet Sun
HSRA model reproduces the plage I profile very well).

Figure 10 suggests that the fit could be improved by adopt-
ing a temperature structure lying betweeen NCHROM?2, which
is too cool, and NCHROM4, which is too hot. After a few it-
erations, we obtained a reasonable fit to the Mg I lines (except
for the V' asymmetry) with a new atmosphere, which we name
NCHROM?7, whose temperature stratification is shown in Fig.
11 (dot-dashed curve).

The best fits to the I and V profiles of both lines are shown
in Figs. 12 and 13. We have given greater weight to the Stokes
V profile when carrying out the fits to derive the new model.

6.3. Plage

We modelled the plage observations in a similar manner to the
network data (Sect. 6.2). To demonstrate the necessity of creat-
ing a new model to describe plage magnetic elements we plot
in Fig. 14 the I and V profiles of the b, line resulting from the
PCHROM2 model, which BS93 found to adequately reproduce
observed iron lines. A microturbulence of 1 km s~!, a value
compatible with the iron line data, was chosen (no macroturbu-
lence was used, however).

The maximum of the computed V profile is too close to
line center, indicating a too small value of the microturbulence.
Moreover, the ¢ components are too narrow and the line wings
are too weak. Although an increased microturbulent velocity
can shift the o-peaks to the correct wavelength, it affects nei-
ther their width nor the strength of the wings (cf. Sect. 5.2).
To improve the correspondence with the observations in these
respects as well, it is necessary to increase the temperature in
the upper photosphere. The temperature of the plage flux tube
model finally adopted after a number of trials, PCHROM4, is
plotted in Fig. 11 (dashed curve). The microturbulent velocity
of the best fit is 1.8 + 0.1 km s~!. The I and V profiles of the
two lines resulting from PCHROM4 are plotted in Figs. 15 and
16, respectively, together with the observed profiles.

7. Discussion and conclusion

In the present paper, we have investigated the response of the
Stokes I and V profiles to the turbulent velocity and to the tem-
perature in the upper photosphere and lower chromosphere. We
have, in a second step, used the newly developed diagnostics to
improve empirical models of the thermal structure of magnetic
elements. The Mg I b, line proves to be a sensitive diagnostic
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Fig. 12. Stokes I and V profiles for the A457.1nm line observed in the network and resulting from the NCHROM?7 atmosphere (1.5-D radiative

transfer)

of the temperature minimum level in magnetic elements. In par-
ticular, the shape of the V' profile shows a different response to
changes in temperature and microturbulence, making it a pow-
erful tool for obtaining these parameters independently. This
line is more sensitive to temperature in the upper photosphere
than the Fe I and II lines used by BS93. It can thus distinguish
between models that reproduce the iron line data equally well.
In addition, the b, line is formed over a sufficiently large height
range to actually respond to flux tube expansion with height
(Sect. 6.1). It thus bridges a sensitive gap in the diagnostics
available previously. It is, however, necessary to carry out the
analysis in NLTE to make full use of the potential of this line.
The 457.1nm intercombination line, on the other hand, can be
calculated in LTE, but is not particularly useful on its own in
constraining the temperature (in sunspots the situation changes
and the line can become an important diagnostic, as pointed out
by Lites et al. 1987).

Our detailed fits to observations suggest that although mag-
netic elements in plages and in the network have, on average,
different temperature structures, as suggested by previous anal-
yses (Solanki & Stenflo 1984; Solanki 1986; Keller et al. 1990;

Solanki & Brigljevi¢ 1992), this difference is restricted to the
lower photosphere. In the upper photosphere and the lower chro-
mosphere the thermal structures of the magnetic features ap-
pear to converge, in agreement with earlier conclusions drawn
by Solanki et al. (1991), and BS93. Grossmann-Doerth et al.
(1994) could explain the temperature difference in the lower
photosphere simply by postulating that magnetic elements in
active region plage (with large magnetic filling factor) are on
average slightly larger than the average magnetic element in
the network (small magnetic filling factor) and we propose that
the difference in thermal structure in the lower photosphere is
due almost entirely to the difference in radiative flow into mag-
netic elements in the network and the plages. The similarity of
the chromospheric temperature rises in the two regions, on the
other hand, suggest that the transport and deposition of energy in
the upper photosphere and lower chromosphere does not depend
strongly on the size of the magnetic element (within limits; pores
and sunspots must have a lower energy deposition rate). This
naturally explains the decreasing difference between T'(7) of the
two models with increasing height. In both models, the chromo-
spheric rise of the temperature starts at about log(7sgo) =~ —3.5,
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plage. A macroturbulent velocity of 1 km s™! has been employed in addition to the microturbulence of 1.8 km s

which is deeper than in the non-magnetic atmosphere, again
in agreement with BS93. Our lines become insensitive to the
temperature in higher layers (higher than log(7sop) &~ —4). The
V profiles are well reproduced by a microturbulence of 1.6 +
0.1 km s~ in the case of network magnetic element, and 1.8
+ 0.1 km s~! in plage. In the quiet Sun, the observed b, line
only requires a microturbulent velocity of approximately 1 km
s~! to be reproduced. The energy density in the line broadening
motions in the upper photospheric layers of magnetic elements
are thus a factor of 3 larger than in the quiet Sun. The A457.1nm
line, however, shows little difference in kinetic energy density
between the three data sets. Thus, it is mainly in the higher
layers that magnetic elements exhibit larger non-stationary mo-
tions than the quiet Sun. Although our models give satisfactory
fits to Stokes V, they are not equally successful with Stokes
1. This suggests that the upper photospheric layers of the non-
magnetic atmosphere between magnetic elements differs from
the average quiet Sun.

The main difference, besides the chromosphere, between the
present models and earlier Stokes V' based models of magnetic
elements lies in the temperature drop in the mid-photosphere

-1

present in earlier models (e.g. Fig. 4), but absent or greatly re-
duced in the present model (Fig. 11). Since older models are all
based on studies of Fe I and II lines, while the present models
are based on a combination of CIlines (continuum-forming lay-
ers), Fe I and II (lower photosphere, chromospheric temperature
rise), and Mg I (upper photosphere), we expect them to be more
reliable than previous models. Purely iron-line based models in
which the temperature within magnetic elements is not allowed
to vary horizontally may well artificially give rise to such a tem-
perature jump in the mid photosphere, since the thermophobe
low excitation Fe I lines are formed at or above this level, where
the temperature drops rapidly, while the thermophile Fe II lines
are formed in the deeper, hotter layers (Holweger, private com-
munication). A possible next step in the empirical modelling of
the magnetic element thermal structure is to simultaneously use
all available diagnostics to produce a consistent model.
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