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Abstract. The Mg1 12.32 um line is a prime diagnostic for
studying upper photospheric magnetic fields on the Sun. We
study for the first time its behavior using flux-tube models with
magnetic field strengths and filling factors characteristic of solar
plage in order to establish the line’s capabilities for measuring
plage magnetic fields.

We show that this line is only moderately sensitive to the
range of temperatures expected for solar plages, including the
chromospheric temperature rise. This low sensitivity consider-
ably enhances this line as a magnetic field diagnostic for the
upper photosphere of plages.

We find that besides being highly sensitive to the field
strength in flux tubes, the shape and Zeeman splitting of this
line are almost equally sensitive to the magnetic filling factor
at the flux-tube base. This combined sensitivity leads to the
large range of profile shapes observed in plages. Not only can
the 12 um emission lines be used to determine the sub-spatial-
resolution distribution of flux-tube field strengths, but also the
sub-spatial-resolution distribution of filling factors (i.e. they can
provide an estimate of the “clumpiness” of the flux-tube distri-
bution on a small scale).

We also provide evidence that simple two-component mod-
eling of magnetic flux tubes, without taking into account the
height-dependence of the flux-tube size, may lead to erroneous
conclusions in the case of the Mg 1 12 um lines, and that at least
1.5-D computations are required to adequately model these lines
in magnetic flux tubes.

Computations also show that standard flux-tube models si-
multaneously reproduce the observed splitting of the g = 3
Fe1 lines at 1.5648 um (formed in the low photosphere) and
at 525.02 nm (middle photosphere), as well as of the 12.32 um
emission line (upper photosphere). Our computations thus sup-
port the currently standard view that solar plages are composed
of flux tubes with kGauss fields in the lower and mid photo-
sphere, and that the thin-tube approximation is an adequate rep-
resentation of the magnetic stratification in these flux tubes.
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1. Introduction

The Mg1 12 um lines, although quite weak, are formed
in the upper photosphere and for the first time enable
the measurement of intrinsic magnetic field strengths as
low as 200G directly from their Zeeman splitting (cf.
Bruls et al. 1994). Their large Zeeman sensitivity and favor-
able formation height have made the MgI 12 um lines the
most important diagnostic of magnetic fields in the up-
per photosphere. They have been used to observationally
study sunspot penumbrae, and solar plage and magnetic net-
work fields (Brault & Noyes 1983; Deming et al. 1988b, 1990;
Zirin & Popp 1989; Hewagama 1991; Hewagama et al. 1993).
In paper VIII of the present series (Bruls et al. 1994) we con-
sidered the diagnostic potential of the 12 ym lines for the study
of sunspot penumbrae. In the present paper we concentrate on
uncovering the capabilities of these lines to determine the mag-
netic field in the upper photospheric layers of solar plage.

Solar plage and network regions are thought to consist of
a large number of individual small magnetic flux tubes, sur-
rounded by field-free material. The flux tubes fill only a fraction
of the surface area at photospheric heights. Pressure equilibrium
between the flux tubes (internal gas pressure and magnetic pres-
sure) and their environment (external gas pressure) requires that
the flux tubes fan out with height; eventually they merge into
a magnetic canopy. For filling factors characteristic of active
regions the merging height corresponds to about the formation
height of the Mg1 12 um lines (Solanki & Steiner 1990). This
property greatly influences the line profile shapes.

Although it is often thought that the profiles of fully Zee-
man split lines are straightforward to interpret, the complex
shapes of the 12 um profiles observed in solar plages, belie
this (e.g. Zirin & Popp 1989). Solar plages are not the sim-
ple, regular structures suggested by two-component models.
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Zeeman-insensitive lines are quite adequately reproduced by
two-component models, but already the Fe1 1.5648 yum g = 3
line required flux-tube models (Zayer et al. 1989) and some-
times multiple field-strength components in the resolution ele-
ment (Riiedi et al. 1992, Paper III) to be reproduced. The 12 um
lines are even more sensitive to the detailed composition of the
plage magnetic field, since their line shapes not only depend on
the mixture of field strengths in the resolution element, but also
on the distribution of filling factors, i.e. on the way the mag-
netic flux tubes are distributed over the solar surface. In order to
interpret and understand plage profiles there is no alternative to
detailed modeling. This is particularly so, since the diffraction
limit of even the largest current solar telescope corresponds to
an area on the solar surface that is considerably larger than a typ-
ical flux tube. Therefore, the observed line profiles are averages
over many individual flux tubes.

After discussing the input data and computational tech-
nique in Sect. 2, we synthesize Stokes I and V' profiles of the
Mg1 12.32 um line in plage regions, and study the sensitiv-
ity to photospheric and chromospheric temperature variations
(Sect. 3.1), magnetic filling factors (Sect. 3.2) and magnetic
field strengths (Sect. 3.3). We compare with results obtained
from visible (525.02nm) and near-infrared (1.5648 um) Fel
lines in Sect. 3.4, and discuss the validity of scaling line profiles
from two-component modeling in Sect. 3.5. We end this paper
with a discussion of the diagnostic value of the 12.32 um line
in Sect. 4.

2. Input data, models and radiative transfer computations
2.1. The Mg model atom

The basic Mg 1 atomic data for this plage flux-tube investigation
are from the non-LTE (local thermodynamic equilibrium) Mg I
12 um line formation analysis by (Carlsson et al. 1992), who
produce the observed quiet-Sun Mg 112 pum line profiles without
ad hoc assumptions. The small corrections to the model atom
data, described in Paper VIII, were taken into account.

Both Mg1 12 pm lines have complex but still fairly regular
splitting patterns (e.g. Fig. 1 of Paper VIII) since they are in the
Paschen-Back regime for typical solar magnetic field strengths,
but Chang (1987) and Hewagama (1991) have shown that to high
accuracy they can be represented by a simple Zeeman triplet
with effective Landé factor unity. The additional splitting due to
atomic fine structure, independent of the magnetic field strength,
amounts to about 1 mK (10~3 cm™!), which is much smaller
than the thermal broadening of the line profiles. Only at very
low field strengths, at which the o- and w-components overlap,
must corrections to this pattern be taken into account. Although
we compute only the 12.32 um line, the present results should
also be valid for the 12.22 um line, due to the similarity of the
two lines.

2.2. The Fe model atom

For comparison with the Mg1 profiles some profiles of the Fe1
lines at 525.02 nm and 1.5648 um are computed. Since these
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Fel lines are formed relatively deep in the photosphere, de-
viations from LTE are expected to be small. We nevertheless
compute the non-LTE statistical equilibrium employing an up-
dated version of the 100-level iron model atom presented by
Watanabe & Steenbock (1986) and Gigas (1986). The oscil-
lator strengths of the lines in the iron model atom have been
updated using the compilation by Fuhr et al. (1988). Only
minor changes in the model atom were required to incorpo-
rate the high-excitation infrared line in the atom, the oscillator
strength of which was derived from Solanki et al. (1992a), Pa-
per II of the present series, assuming the meteoritic iron abun-
dance of 3.2 x 107> (log Nge = 7.51 on the log Ny = 12
scale; Anders & Grevesse 1989). The original electron collision
cross-sections have been adopted, whereas neutral particle colli-
sions have been neglected on the premise that they play a minor
role in thermalizing the already LTE-like excitation equilibrium
of neutral iron in the photosphere.

2.3. Atmospheric and magnetic models

We use axially-symmetric two-component atmospheric models,
composed of a magnetic flux tube embedded in a non-magnetic
atmosphere. The non-magnetic atmosphere surrounding the flux
tube is represented by the quiet-Sun model of Maltby et al.
(1986) We use flux-tube models PLA (without chromospheric
temperature rise), PC1, PC2, PC3 and NC2 of Bruls & Solanki
(1993). Plage flux-tube models PC1, PC2 and PC3 have a chro-
mospheric temperature rise similar to that of the Maltby et al.
(1986) quiet-Sun model attached at continuum optical depths
Ts00 of about 10749, 10735 and 10723, respectively. At the
onset of the chromospheric temperature rise the exponential
decrease with height of the electron density is interrupted by
a gradual order of magnitude increase over a layer of a few
scale heights thickness, above which an exponential decrease
is resumed. Solar network flux-tube model NC2 has the same
chromosphere as PC2, but is appreciably hotter in the photo-
sphere. The temperature stratification of these models is shown
in the top panel of Fig. 2. The radial expansion of the flux tubes
with height, i.e. the increase of the magnetic filling factor with
height and the associated proportional decrease of the mag-
netic field strength (flux conservation), is computed by means of
the “thin-tube”” approximation (Defouw 1976; Schiissler 1986),
which neglects all lateral variation of parameters within the flux
tubes. For not too large flux tubes the thin-tube approximation
provides good agreement with more general solutions of the
magnetohydrodynamic equations (Kndlker & Schiissler 1988;
Steiner & Pizzo 1989). We also find that this is true for the merg-
ing height (see below) from comparisons with the computations
of Solanki & Steiner (1990).

In addition to the field strength By at the z = 0 level (cor-
responding to 7500 = 1 in the quiet Sun) we also prescribe the
filling factor fo at that height. The flux tube is only allowed to
expand up to the height at which the cross-sectional area be-
comes 1/ fp times as large as its area at z = 0. At this height,
Zm, the flux tube is assumed to merge with its nearest neighbors.
Some smoothing has been applied to the field strength and flux-

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


http://cdsads.u-strasbg.fr/abs/1995A%26A...293..240B

FTI9OLARA © Z 2937 ZZ40B0

242

tube radius stratification. This not only removes fluctuations in
the field strength produced by numerical inaccuracies, but also
mimics some effects due to magnetic tension. It is important to
keep in mind that z,, decreases as fy increases and that the field
strength above zp, is constant and has the value By, = fy X By,
i.e. it depends equally on the field strength and the filling factor
in the low photosphere. By, is important for the present study
because it influences the line profile of the 12.32 um line. We
use a grid of models with magnetic filling factors of fy = 1, 2,
4, 8, 16 and 32%, and magnetic field strengths of By = 500,
1000, 1400, 1600 and 1680 G. The boundaries of the computed
flux tubes are indicated in Fig. 3.

2.4. Radiative transfer computations

The statistical equilibrium and radiative transfer equations are
solved in 1-D fashion for 10 representative vertical rays through
each flux-tube model at different distances from the flux-tube
axis, distributed such that they cross the flux-tube boundary
at regularly spaced heights. This way of distributing the rays
generally accomplishes a good sampling of the whole flux-tube
structure (Solanki & Roberts 1992), although for very low mag-
netic filling factors a larger number of rays may be required
to reduce inaccuracies. All computations simulate vertical flux
tubes situated at solar disk center. The statistical equilibrium
and radiative transfer equations are solved neglecting the mag-
netic field. We employ version 2.0 of Carlsson’s (1986) radia-
tive transfer code MULTI, with the Olson et al. (1986) local
operator to cope with the large number of levels and lines
in the MgI model atom, and with an improved opacity treat-
ment added. Updated neutral metal opacities (Mathisen 1984)
have been introduced in the original opacity package of MULTI
version 1.0 (adopted from Auer et al. 1972), and wavelength-
dependent fudge factors, empirically determined from quiet-
Sun disk-center continuum-intensity fits, have been applied to
these opacities in order to simulate the ultraviolet “line haze”
(cf. Bruls 1992, Paper VIII).

The computed line source functions and opacities are
used as input for the Diagonal Element Lambda Opera-
tor (DELO) Stokes profile synthesis code (Rees et al. 1989;
Murphy & Rees 1990; Murphy 1990) to compute Zeeman-split
Stokes I and V' profiles for each ray, accounting properly
for the pertinent magnetic field stratification. Relying on the
field-free approximation, which has been shown to be accurate
(Rees 1969; Rees 1987), the introduction of the magnetic field
is assumed not to influence the statistical equilibrium. Finally,
the average line profile is computed, taking into account the
proper weight of each ray.

3. Results
3.1. Temperature sensitivity

Several studies exist of the photospheric temperature stratifi-
cation in plage flux tubes (e.g. Chapman 1979; Solanki 1986;
Walton 1987; Keller et al. 1990; Solanki & Brigljevi¢ 1992).
These are LTE analyses of magnetically sensitive lines
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Fig. 1. Mg1 12.32 um line profiles for plage flux-tube models with
different chromospheric temperatures and for one network flux-tube
model, which is about 700K hotter in the photosphere. A uniform
longitudinal magnetic field of 500 G is assumed for all models. The
close-lying peak intensities of PLA, PC1 and PC2 are indicated by
horizontal lines between the o peaks. The continuum intensities have
been subtracted from each profile to exhibit the profile similarities
more clearly, but their values relative to the PLA continuum intensity
are indicated by the horizontal lines at right

in the visible. Their LTE assumption breaks down in
the upper photosphere, where the line source functions
start to deviate from the Planck function due to pho-
ton losses, so that excitation temperatures rather than
electron temperatures are obtained. Also a few non-LTE
analyses exist (Stenholm & Stenflo 1977; Ayres et al. 1986;
Solanki & Steenbock 1988; Solanki et al. 1991), but they con-
centrate on Stokes I profiles, which are very sensitive to various
parameters of the non-magnetic atmosphere as well. A first at-
tempt to model the upper layers of flux tubes from observed
Stokes V' profiles without the assumption of LTE was under-
taken by Bruls & Solanki (1993)!. The conclusion of that paper
was that the chromospheric temperature rise in plage and net-
work flux tubes starts 200 to 300 km deeper than in the quiet-Sun
model, but the exact height also depends on the initial steepness
of the rise. Due to this uncertainty we start with a demonstra-
tion of the relative insensitivity of the 12.32 ym line to chro-
mospheric and photospheric temperature changes in the flux-
tube models. A uniform longitudinal magnetic field of 500 G
is assumed to be universally present, i.e. the magnetic filling
factor is unity. Constant magnetic field strength throughout the
atmosphere is usually an unrealistic assumption, but here it sim-
plifies the analysis since it prohibits differences in line splitting
that could otherwise result from different line formation heights
(with associated magnetic field strength differences) for the var-
ious flux-tube models.

! Stenholm & Stenflo (1978) had previously calculated Stokes V
profiles in flux tubes using two-level atoms, but they were mainly in-
terested in horizontal transfer effects in the deeper layers of flux tubes.
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Fig. 2. Top: Electron temperatures vs. log 7se0. The tickmarks indicate
12 pm continuum optical depth unity. Middle: Excitation temperatures
derived from the computed 12.32 pm line source functions. The tick-
marks indicate line center optical depth unity for the Zeeman unsplit
line. Optical depth unity at the o-peak wavelengths of the Zeeman
split line is located slightly deeper. Bottom. Stokes I emission (neg-
ative line depression) contribution functions —Cg 1 for a wavelength
representative of the o peaks in the line profiles of Fig. 1

Figure 1 displays Stokes I profiles for four plage flux-tube
models (PLA, PC1, PC2, PC3) with different options for the
chromospheric temperature rise, and network flux-tube model
NC2. The variation of the 12 um continuum intensities is very
small: for models PLA, PC1 and PC2 they are the same to
within 0.05%; it is 0.5% larger for PC3, and 4% larger for
NC2. For a deeply located onset of the chromospheric tem-
perature rise (model PC3) the tail of the intensity contribution
function (CF) in the upper atmosphere samples part of the chro-
mospheric rise of the continuum source function (see Fig. 7
of Carlsson et al. 1992), which is equal to the Planck function
(Fig. 2, top panel), so that larger emergent continuum intensi-
ties result. The increase of the NC2 continuum intensities stems
from the larger photospheric temperatures.
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The 12.32 pum line emission weakens for a chromospheric
temperature rise that starts deep in the flux tube. That results
from the behavior of the ionization and excitation equilib-
rium with changing temperature ¢ and electron density Ne.
The actual non-LTE populations of the neutral and ionized
stages do not follow chromospheric T, changes, because they
are mainly set by the photospheric ultraviolet radiation fields
and by the collective line photon losses in the Rydberg lines.
The Saha-Boltzmann equilibrium (LTE) reference populations,
however, depend sensitively on T, through the Boltzmann fac-
tor exp(— Eexc/kTe), so that the state of overionization that gen-
erally exists near the temperature minimum — the equivalent
black body radiation temperature 71,4 of the ionizing ultraviolet
radiation exceeds the local electron temperature T, — rapidly
changes into underionization (Tr,¢ < T¢) when T, increases in
the chromosphere. The associated increase of N, affects the LTE
reference ionization equilibrium stronger than the actual non-
LTE ionization equilibrium, because the latter is also determined
by infrared line photon losses. Due to the overpopulation of the
lower levels of the neutral stage and the increased collisional
coupling between the Rydberg levels, the population departure
differences between the Rydberg levels, which are caused by
photon losses in the infrared Rydberg lines, are smaller than
without chromospheric T, and N, enhancements. Consequently,
the 12.32 um line source function is less enhanced over the
Planck function. This is visible in the middle panel of Fig. 2 as
a slower increase or even a decrease of the excitation tempera-
ture Texc (equivalent to the 12.32 um line source function) with
height. The overall 12.32 pum line source function change, rela-
tive to the situation without a 7t rise, increases with deeper onset
of this rise. The increase of IV, at the onset of the chromosphere,
however, causes a dip in T¢y that decreases in strength with
deeper location: a tenfold increase of the collisional rates has
larger impact in higher layers where the importance of infrared
line photon losses in setting the departure coefficient differences
is smaller.

The bottom panel of Fig. 2 summarizes the 12.32 ym line
formation in the form of (relative) line emission (negative line
depression) CFs for Stokes I, —Cr . It shows —CRr 1 repre-
sentative of the o-peak wavelengths. The positive part of the
CF curves represents the line emission, which is partly or com-
pletely canceled by the absorption part deeper in the atmosphere.
The emission coming from the very top of the atmosphere de-
creases with increasing strength of the chromosphere; the drop
of the CFs initially steepens with increasing strength of the chro-
mosphere due to the decrease of the line source function. For
model PC3 the sharp drop in particle densities pushes the line
formation height significantly down.

Figure 1 shows larger intensities all over the line profile for
model NC2. The difference with the profile for model PC2, that
remains after subtracting the continuum intensities, is due to
the larger line source function of model NC2 (middle panel of
Fig. 2). In the photosphere (750 > 1072) the hotter ultraviolet
radiation causes larger overionization, i.e. larger population de-
parture differences among the Rydberg levels, so that the line
source function to Planck function ratio is enhanced. Addition-
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Fig. 3. Flux-tube geometry for different magnetic filling factors indi-
cated at the top in percent. All flux tubes have been given a radius of
100 km at z = 0 (7500 = 1 in the surrounding quiet-Sun atmosphere).
The flux tube with the highest filling factor merges with a neighboring
tube at a height of only ~ 300 km, whereas the ones with the lowest
filling factors have not yet reached their maximum radius at a height of
800 km. The shaded area indicates the approximate formation region
of the emission part of the Mg1 12.32 um line. The plotted “flux-tube
boundary” is simply a linear interpolation between the points of inter-
section of the individual rays with the true boundary

ally, for model NC2 the Planck function itself is larger than for
PC2. Above Tsp0 =~ 102 models NC2 and PC2 have (nearly)
equal T, so that only the increased ionization remains; this
results in nearly constant source function enhancement over a
large height range. Measured from the line-center intensity min-
imum the NC2 emission peaks are nearly equally strong as for
the PC2 line profile, which is mainly due to this constant line
source function enhancement over a large height range.

In summary, only for model PC3 does the strength of the
emission deviate. Fortunately, Bruls & Solanki (1993) could
show that averaged over many flux tubes this model conflicts
with observations of the Fe 11 492.3 nm line. Consequently, the
12.32 pm line has an unexpectedly low sensitivity to chromo-
spheric temperature, which enhances its potential for plage mag-
netic field measurement and modeling, since it should be rea-
sonably independent of the thermal structure of the atmosphere.

3.2. Filling factors

A sequence of flux-tube models that differ only in their mag-
netic filling factors (Fig. 3) illustrates that the Mg1 12.32 um
line profile depends strongly on this parameter, not only in the
Stokes V' amplitude, but also in the shape of the Stokes I and
V profiles. The atmospheric model employed is the PC2 plage
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Fig. 4. Mg1 12.32 um Stokes I (top) and V profiles (bottom) for the
10 vertical rays through the PC2 model with filling factor fy = 16% and
By = 1600 G. The curves are numbered 1 to 10 from the flux-tube axis
to the outermost ray. The uppermost curve is the average line profile.
To get a regular spacing of the profiles, all Stokes I and V intensities
are normalized to the respective Stokes I continuum intensities, and
then shifted upward in steps of 0.05
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Table 1. Comparison between the field strength above the merging
height, Bn, and the field strength derived from the o-peaks of the
12.32 pum line, Ba

fo 1% 2% 4% 8% 16% 32%
Bn = foBo 16 32 64 128 256 512
Ba 205 205 225 245 355 570

model, with magnetic filling factors fo ranging from 1 to 32%;
the magnetic field strength By (at z = 0) is kept at 1600 G.
Stokes I and V profiles formed along individual rays are shown
in Fig. 4, for fo = 16%. At large distance from the flux-tube
axis, the Stokes I profiles are indistinguishable from quiet-Sun
profiles. Note that far from the flux-tube axis the shaded re-
gion lies almost completely in the non-magnetic atmosphere.
The Stokes V' profiles (Fig. 4, bottom panel) best reveal that
the long chromospheric tail of the contribution function still
does reach above the magnetic merging height, where it mea-
sures the rather weak height-independent field. Towards the tube
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Fig. 5. Average Mg1 12.32 um Stokes I (top) and V profiles (bottom)
for model PC2 with different filling factors fy (indicated at theleft). The
apparent magnetic field strengths Ba corresponding to the Stokes V/
splitting are indicated at the right. The spacing of the line profiles is
produced as in Fig. 4

axis the line formation gradually moves into the magnetic zone
completely (cf. Fig. 3). The Stokes I profile first broadens and
eventually splits up into the two o-components (e.g. rays 6 and
5). Still closer to the flux-tube axis (rays 1-4), the large verti-
cal field strength gradients that exist deeper in the atmosphere
dominate the profile shape and produce significant broadening
of the o-peaks.

A wide absorption trough is present (but often barely visi-
ble) in Stokes I of all rays. The corresponding Stokes V" absorp-
tion o-components, which can only exist if there are non-zero
fields in the photosphere, have opposite sign from the above
emission o-components and their amplitude is approximately
proportional to B — the weak-field approximation is still valid
for such wide features. Especially at larger photospheric field
strengths (i.e. for rays close to the flux-tube axis) this leads to
increasing canceling of Stokes V' in the inner line wings.

In the average Stokes I profile (top curve in upper panel of
Fig. 4) all parts of the flux-tube model are represented: the line-
center emission (from the non-magnetic atmosphere below the
canopy), a hint of narrow emission o-peaks (from the constant-
field canopy) not yet separated from the line-center emission
peak, wider and further separated emission o-peaks (from the
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deeper magnetic parts), and the absorption wings (from the en-
tire photosphere). All these features, except the central emission,
are also present in the average Stokes V' profile (top curve in
lower panel of Fig. 4). The line-center emission peak, which
dominates the fy < 16% Stokes I profiles in Fig. 5, but which
is hardly visible in the fy = 32% profiles, is almost entirely
non-magnetic in origin, because the magnetic m-component is
very weak due to the almost longitudinal magnetic fields in the
line formation region.

Similar behavior as for the above case of fy = 16% is dis-
played by the average Stokes I and V' profiles for other fo-
values (Fig. 5). At lower fy (roughly fo < 8%) little or no
magnetic signature is directly visible in Stokes I and only a
marginal signal is seen in Stokes V. With increasing fy the
unpolarized quiet-Sun contribution to the line-center emission
peak in Stokes I becomes weaker, and the emission o-peaks be-
come visible; first only as a very small intensity enhancement
near the deepest points in the Stokes I profile and at fy = 32%
as two separated wide peaks. The wide, low part of the o-peaks
results from the strong photospheric fields with large gradients,
and the narrow part closer to line center arises in the nearly con-
stant magnetic field close to the merging height. By, increases
linearly with fo, so that the splitting of the narrow o-peaks in
Stokes I also increases with fy. The apparent magnetic field
strength By, derived from the Stokes V' splitting, corresponds
to the field strength at the median formation height of the emis-
sion peaks. As can be seen from Table 1, Ba represents an upper
limit to Byy,: at low fy the line is formed well below the canopy,
while at larger fj values By represents the field strength just be-
low the height where it becomes constant. In addition, for small
fo the Stokes V splitting is incomplete, so that B is an over-
estimate of the actual field strength (cf. Fig. 7 of Paper VIII).
For fo » 5% there is a measurable dependence of Ba on f,
and for fo > 16% Ba changes almost as rapidly as By. The
Stokes V' amplitude of the emission o-peaks increases approx-
imately linearly with fo.

3.3. Magnetic field strengths

Figure 6displays the dependence of theMg1 12.32 pm line pro-
file on By. The magnetic filling factor fy is 16% at the left and
32% attheright. B increases with By, but the exact dependence
is relatively complex. Atsmall By, Ba tends to become indepen-
dent of By since the line then enters the weak-field regime and is
no longer fully split. At larger By the By value can change either
more or less rapidly than By, depending on a number of factors.
For instance, if zy, is much higher than the formation height of
the line, it is B(7in;) = 1 rather than By which determines Bp
(Tin¢ 1s the continuum optical depth in the tube at 500 nm). As
shown in Paper II, B(7;,;) = 1 increases much more rapidly than
By for By > 1400 G, so that By is then also expected to change
more rapidly than By. For large filling factors, fy > 30%, on
the other hand, B, is determined chiefly by By, = foBo.

In addition, the Stokes V' amplitude of the absorption
trough, which has the opposite sign of the emission o-peaks of
Stokes V/, increases linearly with By, and its splitting remains
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constant (By is still in the weak-field regime for such wide fea-
tures). The amplitudes of the emission peaks actually decrease
with By (see below), so that in Stokes V' the amplitude of the
absorption trough increases relative to the emission peak with
increasing By. The interference of the o-components with the
absorption trough at large By tends to move the o-peaks closer
together, thus lowering Ba.

The shapes of the line profiles also depend strongly on By.
The vertical field strength gradient is coupled to By and in-
creases with it. This produces considerably broader, lower, and
more asymmetric o-components at By > 1400 G than at low
By. To a smaller extent the interference with the absorption
trough also distorts the emission peaks in both Stokes I and V.
The canceling effect and profile distortion is especially pro-
nounced at photospheric field By = 1680G (see Fig. 6): if
such profiles were to be observed, the broad, low amplitude
o-emission peaks would drown almost completely in the noise
unless the data were of exceptional quality. At large By each
o-component tends to be roughly triangular in shape, with a
steep inner flank and a more gradual decrease in the outer part.
For large fo and By the inner “cutoff” corresponds to By, for
small fy or By to the non-magnetic width of the emission pro-
file (weak-field limit). The wide outer flanks are a product of
the large vertical field strength gradient in the flux tube below
the merging height. Consequently, B measured from the center
of gravity of the V' o-components increases more rapidly with
By than By does. On the one hand, the interference between
emission peaks and absorption trough poses severe problems to
straightforward flux-tube magnetic field determinations from o-
peak separations in observed 12.32 um line profiles, but on the
other hand it offers a handle on fB deeper in the photosphere,

B,=1680G ~M
_ Fig. 6. Average Mg1 12.32 um Stokes I
» 02 Mw (top) and V profiles (bottom) for model
@ _ PC2 with different magnetic field strengths
2 B,=1400G B,=2906 and with filling factors of 16% (left) and
> 0.1F _ T 32% (right). To get a regular spacing of
8| B,=1000G B,=1806 the profiles, all Stokes I and V intensi-
2 821400 ties have been normalized to the respec-
0.0 B,=5006 j\[ A tive Stokes I continuum intensities, and
then shifted upward in steps of 0.06. In the
' . . ] lower panels the apparent magnetic field
Toz o1 oo o1 oz Toz o1 oo 0.1 0.2 strength B, corresponding to the splitting

b0 [em™] Ao [em™'] of the Stokes V' peaks is indicated

even if it is a complicated one that requires detailed modeling.
Stokes @ and U profiles, which have absorption trough signals
proportional to B2, could partially solve the problem posed by
emission peak/absorption trough interference.

In Paper III we found that almost all of the magnetic
field detected in the Fel 1.5648 um line in an active region
plage was concentrated into flux tubes with By = 1400
— 1700G, and filling factors fy ranging between 2% and
50%, with fp usually being below 15-20% (cf. Rabin 1992a,
b). Our computations cover almost this whole parameter
range. The synthetic 12.32 um profiles formed in this range
of magnetic features show splittings corresponding to 200
— 600G, which agrees well with the measured splittings
of 200 — 700G (Brault & Noyes 1983; Deming et al. 1988a;
Zirin & Popp 1989). Unfortunately, only Stokes I was ob-
served, which limits the accuracy of the observed splittings,
in particular for weaker fields. E.g. a field with By = 500G,
fo = 16% does not obviously distort Stokes I (cf. Fig. 6). In
Paper III, however, the presence of such fields has been demon-
strated. Even Stokes V' does not allow such fields to be identi-
fied uniquely. For example. the 12.32 um V and I profiles for
By = 500G and fy, = 32% are practically indistinguishable
from the V" and I profiles for By = 1000 G and fy = 16%. Thus
for the measurement of fields that are intrinsically weak in the
photosphere the 1.5648 um line is superior to the 12 pm lines.

3.4. Comparison with Fel lines

Figure 7 compares the Stokes V profiles and contribution func-
tions of the Mg1 12.32 um line with the g = 3 Fel lines at
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Fig. 7. Top row: magnetic field strength B and inclination y (0 — 90° full scale) for three representative rays (resp. 0.0, 1.0 and 1.7 tube radii
from the tube axis, at z = 0) through the plage model PC2 with f, = 16% and By = 1600 G. Next three rows: Stokes V profiles and the Stokes V'
line depression contribution functions (CFs) for lines Fe1 1.5648 um, 525.02 nm and Mg1 12.32 um. One V profile is plotted per frame (curve
running from top to bottom). The CFs at each Ao grid point, Cr,v, have first been normalized for plotting on the log 7sg0 abscissa and then
multiplied by an arbitrary factor (different for each line) and shifted vertically so that their zero level coincides with the corresponding Ao value
on the ordinate. The CF curves at the o-peak wavelengths have been drawn with thick lines. The Stokes V' profiles have been normalized to
their respective Stokes I continuum intensities: the zero-level is at log 7500 = 0 and the continuum-intensity spans 10 units in log 7s00. The Cr,v,
which are anti-symmetric around line center, have been plotted for one half of the line only
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525.02 nm and 1.5648 pm, obtained for three representative rays
through the PC2 model with fo = 16% and By = 1600 G.

The model magnetic field strength B and inclination -y are
shown in the top row as a function of optical depth. From left
to right the columns refer to the flux-tube axis, which has non-
zero magnetic field at all heights, and to rays at increasing dis-
tance from the tube axis, so that the height where they cross the
flux-tube boundary increases. The gradual (linear) decrease of
B(log Ts00) (top row, middle and right panel) results from the
interpolation onto a very fine log 7500 grid across that bound-
ary (to avoid numerical problems caused by the large opacity
jump there). On a z scale the change in field strength at the flux-
tube boundary is very rapid; it drops to zero over approximately
10 km. The field inclination remains constant over the boundary
and has no meaning in the field-free part of the atmosphere.

Rows 2—4 of Fig. 7 display the Stokes V' profiles and the
corresponding Stokes V' line depression contribution function
CR,v (Grossmann-Doerth et al. 1988; Rees et al. 1989), for the
three lines in order of increasing formation height. The Stokes V'
profiles have been normalized to the respective Stokes I con-
tinuum intensities.

The line profiles in the left column are fully split (B =
1.6 — 2.2 kG for the Fe 1 lines and 700 G for the 12.32 ym line).
The Fe1 line profiles in the middle column have significantly
smaller amplitude because they are partially formed in the field-
free part of the atmosphere, and their splitting is smaller because
strong photospheric fields are absent. Both lines are virtually in-
sensitive to changes of the photospheric radiation fields because
they are formed close to LTE. On the other hand, the 12.32 um
line is only influenced by the statistical equilibrium along this
ray, which is set (in part) by the hotter photospheric radiation
fields: the emission peaks are formed slightly deeper at stronger
magnetic fields (larger splitting) but still completely in the mag-
netic part of the atmosphere. Only the infrared lines are com-
pletely split, but the 1.5648 pm line has virtually zero Stokes V'
amplitude because it is formed largely below the magnetic re-
gion. At even larger distance from the flux-tube axis only the
12.32 pm line senses the magnetic field.

The CFs have been suitably normalized for display on the
log 7500 abscissa, but multiplied by an arbitrary factor (one for
each line) for display on the Ao inverse wavelength ordinate
of the Stokes V profiles, and shifted vertically so that the zero-
level of each CF curve lies at the corresponding Ag value. Thick
curves indicate the CFs at the o-peak wavelengths. The CFs in
the first column are easiest to understand and clearly show the
progression of the formation heights of the three lines from the
deep photosphere to the upper photosphere. Note that we only
consider the emission o-peaks of the 12.32 ym line, not the
absorption trough that is formed deeper in the photosphere. It
is interesting to note that even for the completely split infrared
lines, the CFs at the line center peak highest in the atmosphere,
even though Stokes V' is very small at these wavelengths. This
has to do with the fact that the inner point of the V profile is
weakly split and gets its contribution only from regions of weak
field. Along the axis of our flux-tube model weak fields are
present exclusively in the highest layers.
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Fig. 8. Top: Mg1 12.32 um Stokes I and V (shifted by arbitrary
amount) profiles for model PC2 with filling factor fy = 8% (solid
curves), compared with the line profile average (dotted curves) of the
quiet-Sun model (QS) and the PC2 model with f, = 16%, with equal
weights for both models (i.e. an averaged final filling factor of 8%).
Bottom: same as top panel, but for filling factors of 16 resp. 32%

The CFs in the next two columns show non-zero CR v con-
tribution even in the field-free deeper atmosphere, the structure
of which is rather complicated when the line is not completely
Zeeman split or if there is an absorption trough. Larsson et al.
(1991) briefly discuss the influence on the Stokes vector CFs of
the presence of magnetic and non-magnetic regions in the ray.
They conclude that it is inherent to the definition of Cr q, Cr,u,
and Cg v that these CFs can be non-zero in field-free regions
underlying magnetic regions, whereas they should be zero in a
field-free region overlying magnetic fields.

The important point to note, is that due to their different
formation heights the synthetic V' profiles of the three lines
sample different field strengths. When averaged over the flux
tube with By = 1600 G and fy = 16%, we find By =~ 2.0kG for
the 1.5648 um line, 1.5kG for the 0.525 um line and 0.35 kG
for the 12.32 pum line. Smaller By values give correspondingly
smaller B, . These values are in agreement with observations of
the relevant spectral lines.
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Fig. 9. Comparison of the Fel 525.02nm (solid) and 1.5648 um
(dashed) Stokes I and V profiles obtained from direct computation
for fo = 16% and from scaling the fo = 32% results (dotted for both
lines)

3.5. Scaling of line profiles

Scaling of the computed Stokes V' amplitude to determine fill-
ing factors is common practice for flux-tube analyses using vis-
ible and near-infrared lines. For this procedure to be valid the
lines should not have knowledge of the merging height, or they
should be only weakly split. The 12.32 ym line fulfills neither
of these conditions.

Already from Fig. 5 it is evident that there is no simple scal-
ing relation that translates 12.32 um line profiles from one f;
value to another, since the line profile shape changes strongly
along the sequence of f values. Figure 8 more clearly demon-
strates that scaling of line profiles is not a valid procedure for the
12.32 pm line, especially not when the magnetic filling factor
is large. The upper panel of this figure shows the Stokes I and
V profiles for model PC2 with fy = 8% (solid), and compares
them with the profiles that result from averaging, with equal
weights, the profiles for model PC2 with fy = 16% and for
the quiet-Sun (dotted). The dotted profile thus also corresponds
to an average filling factor of 8%. At this filling factor com-
bination the profile differences become apparent, particularly
near line center. At lower filling factors (roughly fo < 8%) the
Stokes I and V profile shapes do not depend strongly on fo, and
the profile scaling method works well. At larger filling factors,
however, the discrepancies are striking (Fig. 8, lower panel).
Consequently it is impossible to scale the Mg1 12.32 um line
profiles for one value of fy to get profiles for another fy, ex-
cept at low fo. Therefore the filling factor, flux-tube expansion
and merging need to be incorporated explicitly in a 12.32 ym
line flux-tube analysis. Outside of sunspots the modeling of the
12.32 pm line by means of a magnetic and a non-magnetic com-
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ponent with height-independent filling factors f and 1 — f is
not to be recommended.

More important is that the dependence of the line pro-
file shape on fy leads to a large variety of shapes if we as-
sume that plage flux tubes are distributed relatively randomly.
This may explain the diversity of observed line shapes (e.g.
Zirin & Popp 1989). Note that by combining profiles produced
by flux tubes with different By and fy a much larger range of
profile shapes can be produced than we have shown. Such dis-
tributions of field strength and filling factor are expected to be
present in the 4-10" apertures used for the observations.?

A comparison similar to that shown in Fig. 8, for the Fe1
lines at 525.02 nm and 1.5648 um demonstrates that they may
easily be scaled to simulate different filling factors. For example,
the fo = 16% profile obtained by scaling the fo = 32% profile
coincides very well with the consistently computed fy = 16%
profile (Fig. 9). Comparing Fig. 9 with 8 shows the major dif-
ference between the Fe 1and Mg 1lines. The property of the Mg I
line that it does not scale with filling factor for typical plage fo
values, is, to our knowledge, unique.

4. Discussion and conclusion

We have studied the behavior of the 12.32 ym line under con-
ditions characteristic of solar plage. As shown already in Pa-
per VIII for constant energy-flux models of different effective
temperature, the line emission strength depends on the assumed
photospheric temperature (mainly a Saha-Boltzmann popula-
tion effect). For the range of photospheric temperature stratifi-
cations considered here, which are representative of plage and
network, the line profile shape is largely preserved. Similarly,
for different choices of the chromospheric temperature rise the
line profile changes only moderately. Only if the chromospheric
temperature rise occurs very deep in the atmosphere does it lead
to significantly smaller emission peaks. Such a deep-lying chro-
mosphere is unlikely (Bruls & Solanki 1993). The low temper-
ature sensitivity of the 12.32 ym line adds to its potential as a
magnetic field diagnostic.

The large Zeeman separation of the emission o-peaks in
principle enables accurate upper photosphere magnetic field
measurements down to a few hundred Gauss. In practice we
find that the splitting of the synthetic line profiles resulting from
flux-tube models, which consistently include the main features
of the magnetic field, depends not only on the magnetic field
strength, but also on the filling factor (via the merging height).
On the one hand this complicates the analysis of the Mg1 12 um
emission lines observed in plages, which consequently need to
be analyzed using detailed models. Thus, to reproduce the often
complex profile shapes observed in solar plage it may well be
necessary to use multiple magnetic components, which not only
differ in field strength, but also in local density of flux tubes (fill-
ing factor). On the other hand, this very property of the 12 um
2 A relatively random spatial distribution of flux tubes is suggested
by the relation between Call K core emission and magnetic flux
(Schrijver 1993).
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lines means that they can provide some information on the inho-
mogeneity of the distribution of flux tubes within the resolution
element. In this respect these lines constitute a unique diagnos-
tic. They also provide observational evidence for the merging
height of flux tubes in strong plages. We believe that the diag-
nostic potential of these lines will be enhanced considerably if
they are observed and studied in conjunction with the g = 3 Fe 1
line at 1.5648 pum. This infrared line, which is formed deeper in
the photosphere, can disentangle different field strengths present
in the resolution element. Using this information, it may then
be possible to obtain the distribution of filling factors, or the
clumpiness of the distribution of the magnetic flux tubes from
the 12.32 pm line.

The large and complex dependence of line shape and split-
ting on the intrinsic field strength and filling factor of small-scale
magnetic features also means that the typical difference in By
and fy present between different plages and different positions
within a plage, completely dominate over any dependence of
the splitting on the limb distance. Thus it is not surprising that
Zirin & Popp (1989) did not find any such dependence, although
they did see profiles of many different shapes.

The brief qualitative comparison with observations which
we have carried out, suggests that the basic description of small-
scale magnetic features using flux tubes is correct. In particular,
we find that the thin-tube approximation extended to include the
merging with neighboring flux tubes, is an adequate represen-
tation. Not only does such a model simultaneously reproduce
the observed splitting of Zeeman-sensitive lines formed in the
deep (1.5648 um), middle (525.02 nm) and upper (12.32 pm)
photosphere, it also predicts the presence of a large variety of
different profile shapes of the 12 ym emission lines, as observed
by Zirin & Popp (1989).

Note that in plages close to sunspots the profile shapes may
be even more strongly distorted than our computations sug-
gest due to the presence of the sunspot canopy in addition
to the flux tubes. In Paper VIII we showed that this canopy
strongly affects the 12.32 pm line. The simultaneous presence
of a sunspot canopy and small flux tubes has been deduced from
spectra of Fe1 1.5648 um (Solanki et al. 1992b, Paper V). Ob-
served 12.32 pum Stokes V profiles, not available yet for plages,
would enhance our knowledge about plage flux tubes consid-
erably, since they contain information almost exclusively about
the magnetic parts of the atmosphere, whereas Stokes I pro-
files contain significant non-magnetic contributions (e.g. part of
its line-center emission peak). For flux tubes, however, which
have large photospheric field strengths, magnetic field measure-
ments with the 12.32 um may be difficult to interpret even with
Stokes V information, due to the complex profile shapes, espe-
cially at larger field strengths and filling factors. The Stokes @
and U profiles, which have much smaller absorption trough sig-
nals, could solve part of the problem.
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