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Summary. A new diagnostic for the horizontal distribution and
vertical gradient of the magnetic field within spatially unresolved
solar magnetic elements is presented. It is based on the width of
the individual Stokes V g-components of a completely Zeeman
split line in the infrared (Fe1 A 15648.54 A), and on a comparison
with the Stokes V profiles of 3 other lines including the tradi-
tional line ratio technique pair in the visible (Fe1 4 5247.1 A and
15250.2 A). Extensive radiative transfer calculations are carried
out to model the magnetic field structure, which is fitted to ob-
servational data acquired with a Fourier transform spectrometer.

The data can only be explained by a variation in magnetic
field strength. A purely horizontal variation of the magnetic field
cannot reproduce all the data simultaneously, so that a magnetic
field whose strength decreases with height is required. An appro-
priate vertical gradient of the magnetic field alone is, on the other
hand, sufficient, suggesting that in the lower photosphere the
field strength inside fluxtubes is horizontally almost constant and
that most fluxtubes in the resolution element have very similar
field strengths. The thin tube approximation is found to be a
reasonable representation of the vertical variation of the field
strength, with the field strength at continuum optical depth unity
inside magnetic elements being approximately 2000 G.

The shape of the g-components of the fully split 2 15648.54 A
line suggests the presence of a small amount of flux in either
weak-field form (400 G) with the same polarity as the stronger
fluxtube fields, or of medium strength (800 G) bearing opposite
polarity. The presented calculations favour the opposite polarity
field. A possible scenario which may explain the observations
consists of a fluxtube model with a small return flux, in which
about 3-79 of the flux is directed back to the surrounding
regions.

The magnetic field structure derived from the simultaneous
analysis of infrared and visual data at disk centre also repro-
duces data near u = 0.6. The comparison of the results at the
two disk positions allows, for the first time, some preliminary
constraints to be set on fluxtube diameters independently of the
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spatial resolution of the observations. If a slab geometry is as-
sumed for the fluxtubes, then an average fluxtube full width of
60—100km at the © = 1 level is found in an active region plage,
while for a cylindrical fluxtube the diameter is found to be ap-
proximately 300 km. It is shown that for a given geometry the
fluxtubes in the resolution element must have similar widths.

A sizeable turbulence velocity (combination of micro- and
macroturbulence) of 3-3.4kms ™! inside the magnetic elements
is derived from the infrared lines.

Key words: solar magnetic fields — fluxtubes — Stokes param-
eters — line profiles — infrared spectra

1. Introduction

Theoretical models of small (i.e. with diameters less than 1 arc
sec) solar magnetic fluxtubes have magnetic fields with strengths
of 1-2kG in the lower photosphere (e.g. Spruit, 1979; Deinzer
et al., 1984a,b; Hasan, 1985; Steiner et al., 1986). Below the chro-
mosphere the main confining agent of the field is the gas pressure.
Accordingly, the field strength in these models decreases with
height not too differently from the thin tube approximation, i.e.
the field strength follows approximately from the pressure dif-
ference between the inside of the fluxtube and its non-magnetic
surroundings (Pneuman et al., 1986; Knolker et al., 1988). As far
as the horizontal variation of the field is concerned, theoretical
models tend to be much more varied, with a radially uniform
field strength within the fluxtube (e.g. Defouw, 1976; Roberts and
Webb, 1979; Hasan, 1985), a potential field distribution (e.g.
Spruit, 1976), a Gaussian distribution (e.g. Osherovich et al,,
1983), a quadratic distribution (Pneuman et al., 1986), or the dis-
tribution resulting from a fully self-consistent solution of the
MHD equations starting from various profiles at the lower
boundary (Deinzer et al., 1984a,b; Steiner et al., 1986), all being
present in the literature.

Although the field strength at a given level in the fluxtubes
is well determined by observations, so far they have been able to
constrain the horizontal and vertical variation of the field only
either indirectly or qualitatively. The main aim of the present
paper is to set more quantitative constraints on these parameters.
In addition we set some preliminary constraints on the diameters
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of small fluxtubes and on the non-stationary velocity amplitudes
in their deeper photospheric layers.

The most widely used diagnostic of the magnetic field strength
in solar magnetic fluxtubes has been the line ratio technique,
which compares simultaneously recorded Stokes V' profiles (i.e
circular polarisation spectra) of two lines in the visible with dif-
ferent Zeeman splitting, but otherwise very similar properties
(Stenflo, 1973; Wiehr, 1978; Frazier and Stenflo, 1978; Stenflo
and Harvey, 1985; Solanki et al., 1987). Other magnetic field
strength diagnostics include the Fourier transform of the Stokes
V profile (e.g. Tarbell and Title, 1976, 1977), the Fourier trans-
form of the Stokes I profiles of two selected lines (Robinson et al.,
1980) and the statistical analysis of a large number of Stokes V'
profiles (Solanki and Stenflo, 1984). Yet another approach con-
sists of directly examining the Zeeman splitting of an infrared
line, e.g. around 1.5 um, where, in contrast to the visible, the split-
ting of a solar g = 3 line is complete in a kG magnetic field due
to the increase of the Zeeman splitting with the square of the
wavelength. Observations by Harvey and Hall (1975) [see also
Harvey, 1977] revealed the powerful potential of this method,
although inadequate spectrometers and infrared detectors pre-
vented its use to a fuller extent until recently.

Although these methods have provided values of the inherent
field strength at some height in the fluxtubes they cannot, in the
forms used so far, constrain the lateral and vertical distribution
of the magnetic field. Thus it was shown by Stenflo (1973) and
Frazier and Stenflo (1978) that the line ratio technique cannot
distinguish between various horizontal distributions of the mag-
netic field strength. A horizontal distribution of the field has only
been measured in sunspots and pores (e.g. Beckers and Schroter,
1969; Abdussamatov, 1971; Lites et al., 1988; Deming et al., 1988),
although Knolker et al. (1988) do provide some indirect evidence,
based on continuum contrasts, for a horizontally constant field
and a relatively narrow boundary layer at the ¢ = 1 level in mag-
netic elements. Measurements of the vertical value of the mag-
netic field have generally only given some gradient averaged over
a considerable height range, often derived by comparing lines
formed at different heights (e.g. Henze et al, 1982; Hagyard
et al, 1983; Kriiger et al., 1985; Gopasyuk, 1985; Stenflo et
al., 1987b). Furthermore, quantitative values of the vertical gra-
dient have mainly been restricted to sunspots or their immediate
surroundings.

Our diagnostic is built up around the Fe1 115648.54 A line
(g9 = 3), the centre to limb variation of which has been described
by Stenflo et al. (1987b). They discovered the curious fact, that
each g-component of its Stokes V' (which is formed exclusively
inside magnetic features to first order) is considerably broader
than the complete Stokes I profile, which arises mainly in the
non-magnetic atmosphere. The natural explanation is that the o-
components are significantly broadened by a horizontal or ver-
tical variation of either velocity or magnetic field strength in the
magnetic elements (or both). The great sensitivity of the Fer
115648.54 A line to magnetic field gradients is a direct conse-
quence of the large Zeeman splitting of this line. A similar be-
haviour has been found by Deming et al. (1988) in the case of
the Mg1 A12.32 um emission line which exhibits broadened o-
components in sunspot penumbrae. We can understand this
broadening of the g-components with the help of a very simple
model. Consider a vertically constant magnetic field at disk cen-
tre whose strength varies horizontally in some prescribed man-
ner. Now consider a line for which the Zeeman splitting Ay

is small compared to its Doppler width, A, for all the con-
sidered field strengths. The wavelength positions of the a-compo-
nents of this line will be determined only by the non-magnetic
width of the line, i.e. no effect of the magnetic field distribution
will be visible (as long as the field strength is not correlated to
the thermodynamic structure of the atmosphere). This is basically
the situation for the lines in the visible spectral range, as far as
solar magnetic elements are concerned. When, on the other hand,
the Zeeman splitting of the line is larger than its Doppler width,
the wavelength positions of its o-components will depend on the
field strength. If we add the profiles coming from the various field
strength regions, the resulting profile will have considerably
broader g-components. We can also picture the influence of a
horizontal distribution of field strengths on a Stokes V profile
as the convolution of the V profile formed in a single valued
field corresponding to the flux weighted average field strength
with a distribution function. The shape of the distribution func-
tion is given by the relative amounts of flux at the different field
strengths, while its width, for not too strong lines, scales with
AAy/AZp. For vertical variations of the magnetic field strength
the situation is more involved, but, for sufficiently weak lines
(negligible saturation), it can be described similarly if we require
that the magnetic field distribution function is additionally
weighted by the contribution function of the line in question.

However, it should be noted that the study of one line alone
does not allow us to disentangle the influences of velocity and
horizontal and vertical magnetic field variations. Through the in-
tercomparison of four carefully selected lines, two in the visible
(formed higher in the atmosphere) and two in the infrared
(formed deeper in the atmosphere), the various influences can be
separated and constraints can be set on the vertical and horizon-
tal field strength variations, as well as on the line broadening
velocity amplitude inside solar magnetic fluxtubes.

2. Selected lines and analysis procedure

The analysis procedure is based on four lines. In the visible we
make use of the well known line pair Fe1 15247.06 A (g = 2,
Xe =0.09eV, logg*f = —4.946, Blackwell et al, 1979) and
21525022 (g = 3, y, = 0.12¢eV, logg*f = —4.938, Blackwell et
al., 1979), first introduced for magnetic field strength measure-
ments by Stenflo (1973). g is the Landé factor of a line with a
simple Zeeman triplet splitting pattern, g, the effective Landé
factor of an anomalously split line. y, is the excitation potential
of the lower level of the transition and g*f is the statistically
weighted oscillator strength. In the infrared we use the Fe1 line
pair A15648.54A (g =3, y, = 543eV, logg*f = —0.54), and
215822.81 A (g = 0.75, x, = 5.64¢€V, logg*f = 0.025). The Fe1
line at 1 15822.81 A is chosen because of its much smaller Landé
factor (g = 0.75), and due to the fact that its excitation potential,
wavelength and line strength are sufficiently similar to those of
1.15648.54 A for it to be formed at nearly the same height.
Also, both lines are ideal in the respect that although they
are strong enough to give a reasonable signal to noise ratio in
Stokes V, yet they are sufficiently weak for their line widths to
be little affected by saturation and, therefore, the thermal prop-
erties of magnetic elements. The temperature dependence of the
analysis is reduced even further by the similar parameters (.,
line strength) of both lines, which means that they react similarly
to changes in temperature. Another important point is that the
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415648.54 A line is a very pure Zeeman triplet, with empirical
values of g, = 3.002 and g, = 2.97 according to Litzén (1976).
g, and g, are the Landé factors of the lower and upper levels of
the transition, respectively. Therefore, the large widths of its o-
components cannot be due to anomalous Zeeman splitting. In
the following we shall often refer to the strongly split A 15648.54 A
line as the “magnetic” line and to the relatively Zeeman insen-
sitive 115822.81 A line as the “Doppler” line.

The analysis procedure is divided into two main parts. The
first part is based on the fact that the widths of the o-compo-
nents of the “magnetic” line are very sensitive to vertical and
horizontal field strength variations as well as to velocity broaden-
ing, while the widths of the g-components of the “Doppler” line
are only slightly affected by magnetic field variations, but are
susceptible to velocity broadening. The use of both lines in an
iterative procedure allows the influence of magnetic field and ve-
locity variations to be separated. However, these two lines alone
cannot distinguish between a vertical and a horizontal magnetic
field gradient. The detailed procedure employed in the first part
of the analysis is the following:

(i) A synthetic calculated profile assuming an initial (hori-
zontal, or vertical, or both) magnetic field distribution is fitted
to the observed “magnetic” line.

(i) Next, using this magnetic field distribution the synthetic
profile of the “Doppler” line is calculated and Doppler broad-
ened to fit the observed data. The velocity broadening can be
determined very accurately at this stage, as the width of this line
proves to be largely independent of the used magnetic field dis-
tribution. Of course, the Doppler velocity so derived is somewhat
model dependent. We follow the concept off micro- and macro-
turbulence as a description of the velocity broadening in the
quiet photosphere (e.g. Evans et al., 1975; Smith et al., 1976; Hol-
weger et al., 1978; Nordlund, 1978), and in fluxtubes (Solanki,
1986).

(iii) The synthetic profile of the “magnetic” line is broadened
with the obtained velocity and a new magnetic field distribution
is found. Due to the similarity of the two lines it is legitimate
to assume that they are broadened by the same velocity.

If necessary, steps (ii) and (iii) can be repeated iteratively, until
both observed profiles are reproduced simultaneously. However,
this has proved to be unnecessary thanks to the adequate de-
coupling of the width of the “Doppler” line s-components from
the Zeeman broadening.

In the second part of the analysis procedure we make use of
the fact that Fer 15247.1A and 15250.2A are formed higher
in the atmosphere than the infrared line pair. For the peak of
the Stokes V profile of 45250.2A in a 1200 G field and a quiet
sun atmosphere Grossmann-Doerth et al. (1988b) find the maxi-
mum of the “line depression” contribution function to lie at
log ts000 & —2.5. On the other hand, the contribution function
of V peak of A115648.54 A has its maximum near log 7550, = — 1
(Grossmann-Doerth et al., 1988a). Thus the difference between
the field strength derived from the infrared lines and that derived
from the visible lines is a measure of the vertical gradient of the
field and imposes additional constraints on the magnetic field
variation.

We have applied this procedure to two families of fluxtube
models. The first family assumes a vertically constant magnetic
field in the fluxtube, so that only a radial variation of the field
strength may be present. In the other family of models no radial
variation is allowed within the fluxtube and the magnetic field is
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calculated via the thin tube approximation, so that except at the
boundary of the tube only a vertical gradient of the magnetic
field is present. To account for flux conservation, the fluxtube
is allowed to expand with height in this case (the cross-section
scaling as 1/B).

Line profiles are calculated along a set of equidistant, parallel
rays piercing the model fluxtube at various positions. If required
the rays are weighted according to the area on the solar disk
which they represent. The line profiles from all rays are added
to give a resultant profile which is compared to the observations.
This procedure is often termed 1.5-D radiative transfer.

We carry out this analysis first for the centre of the solar
disk (Sect. 4). An approximation we can make within the “thin
tube” model family is to consider the contribution of the central
ray only (which, in our vertical fluxtube model, corresponds to
the fluxtube axis). A comparison between the results of this
single ray (1-D) and multiple ray (1.5-D) transfer calculations
provides information on the validity of the 1-D approximation
for strongly split lines in fluxtubes.

Later we use the models that give us the best fit to the data
at disk centre to calculate the line profiles closer to the limb
(Sect. 5). It turns out that away from disk centre the Stokes V
profile shape of the “magnetic” line is quite sensitive to the as-
sumed fluxtube diameter. If we assume that the fluxtubes have a
certain geometry (e.g. slab) and that the magnetic field structure
of the fluxtubes is the same in the different regions, then we can
set some constraints on the average fluxtube diameters.

3. Observational data and model atmospheres

The data used in the present paper were acquired with the
McMath telescope and the Fourier transform spectrometer (FTS)
polarimeter of the National Solar Observatory at Kitt Peak.
Below we briefly summarize some of the main features of the
observational data. A detailed description of the data acquisition
and reduction has been given by Stenflo et al. (1984, 1987a,b).

We use two spectra each in the visible and in the infrared.
The infrared spectra were obtained in a network region at u =
0.99 and in an active region plage at p = 0.61. Both spectra
have a spatial resolution of 5 arcsec, and a spectral resolving
power of approximately 360'000. Their integration times are 53
min and 48 min respectively. The visible spectra are from an
enhanced network region at p = 0.98 (spatial resolution = 10
arcsec, spectral resolving power = 420000, integration time =
52 min) and an active region plage at u = 0.67 (spatial resolu-
tion = 5 arcsec, spectral resolving power = 523’000, integration
time = 43 min).

We are well aware of the problems and pitfalls associated
with comparing lines formed in the visible with those formed
in the infrared, particularly when the spectra do not refer to
the same region, as is the case with our data. However, it is not
straightforward to obtain near simultaneous spectra in the visi-
ble and the infrared of exactly the same region with the FTS.
For example, the difference in refractive index of air between the
visible and the infrared means that the position of the spectro-
graph entrance aperture on the infrared solar image does not
correspond to its position on the image seen in the visible. Also,
the 15250/1 5247 line ratio is almost independent of the region
observed (Stenflo and Harvey, 1985).

Figure 1 shows the Stokes I and V profiles of the two in-
frared lines at p = 1.0 (disk centre) and at u = 0.61. Both lines
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Network at p = 1.0

Fig. 1. Stokes I and V profiles of the
infrared lines A 15648.54 A (g = 3)
and 115822.81A (g = 0.75) in a
network at u = 1 (upper panels), and
a plage at 4 = 0.61 (lower panels).
Dashed lines are symmetrized Stokes
V profiles. The arrows depict the
weak field notches
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are slightly blended towards shorter wavelengths. The Stokes V
profiles have been symmetrized by adding their red and blue
wings together (dashed line). The difference between the sym-
metrized and the observed profiles (solid line) is agreeably small
for the “magnetic” line, while for the “Doppler” line the extreme
wings of Stokes V' appear to be somewhat affected by the blend.
Note the large difference between the blue-red asymmetry of the
V profiles of the two lines. Such an asymmetry has previously
been observed for numerous lines in the visible (e.g. Stenflo et
al., 1984; Solanki and Stenflo, 1984, 1985), including Fe1
15247.1 A and 15250.2 A. Its cause is, so far, not well understood.
In view of this we generally fit the symmetrized profiles of the

1 5é23
A[A]

observed lines, except for 115822.8 A where, due to the blending
of its blue wing, we have preferred to fit only the red wing. How-
ever, extensive test fits to the red wings only of all lines have
given results very similar to the fits to the symmetrized profiles.

One point of interest of these observed lines is what we call
the “weak field notch,” which the Stokes V profile of the “mag-
netic” line exhibits in both spectra (marked by arrows in Fig. 1),
and which distinctly lies above the noise level. The fact that the
notch is exactly anti-symmetric with respect to the zero-crossing
wavelength (it is just as prominent in the symmetrized profile
as in the original data) also speaks for the reality of this feature.
This notch looks as if it were a superposed weaker and much
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less split Stokes V profile, suggesting the existence of a weak
magnetic field. Another possible explanation is the presence of a
medium strong magnetic field of opposite polarity, which “eats
away” part of a Stokes V profile that envelopes the resulting
observed profile. The reason why such a feature has never been
observed in spectra obtained in the visible, and for that matter
is not seen in the 1 15822.81 A line, is the much smaller Zeeman
splitting of these lines. As long as a spectral line is not completely
split, atmospheric regions with different field strengths will pro-
duce profiles whose g-components overlap almost completely.

The standard HSRA atmosphere (Gingerich et al, 1971)
modified to comply with LTE (Solanki, 1987b) serves as a model
of the quiet sun. At disk centre the fluxtube interior is modelled
using the network model of Solanki (1986) modified to incorpo-
rate results of continuum contrast measurements in the visible
(cf. Solanki and Steenbock, 1988). Test calculations employing
Solanki’s (1986) plage model and the HSRA, respectively, for the
magnetic component produced no significant differences in the
results. The plage model is used to represent fluxtubes near y =
0.6, since the observations near that x value stem from an active
region plage. The main conclusion to be drawn from the test
calculations with different temperature structures is that the pro-
posed technique is practically temperature independent as long
as only horizontal variations of the magnetic field are assumed.
For a vertical this need no longer be the case.

Since in part of our radiative transfer calculations rays pass-
ing through both the fluxtubes as well as their immediate sur-
roundings are present, we must specify the atmosphere in the
immediate vicinity of the fluxtubes also. Although there is mount-
ing theoretical and observational evidence that the immediate
surroundings of the fluxtubes differ considerably from the quiet
sun (Spruit, 1977; Deinzer et al., 1984a,b; Nordlund, 1986; Caval-
lini et al., 1987; Schiissler and Solanki, 1988), no accurate model
for their line forming layers exists. Additionally, our analysis
is practically independent of filling factors and temperature struc-
tures. In view of this we have assumed the HSRA to represent
the close non-magnetic surroundings of the fluxtubes as well.

Both the HSRA and the network models have been extended
to deeper layers to give suitable models for calculating the in-
frared lines, whose height of formation is lower than of lines in
the visible. In the case of the HSRA this has been done by
smoothly attaching Spruits’ model of the solar convection zone
(Spruit 1974), which is similar to the procedure employed by
Chapman (1979). Like him we name the resulting model atmo-
sphere the HSRASP. Electron pressure and absorption coeffi-
cient have been determined using the code of Gustafsson (1973).
For the fluxtube, for which no extension to greater depths is
readily available, a linear extrapolation of temperature, pressure
scale height and magnetic field has been adopted after test cal-
culations have shown little or no influence of several parame-
trized extrapolation curves. Above 7,549, & 1 the behaviour of
the magnetic field strength is determined by the thin tube ap-
proximation, i.e. it satisfies horizontal pressure balance, but
neglects the effects of magnetic tension. Its absolute value has
been fixed by Solanki et al. (1987) through a comparison of cal-
culated Stokes V profiles (using a 1-D model) with the observed
25250/ 5247 Stokes V line ratio. The curves of temperature and
field strength of the models versus the logarithmic continuum
optical depth at A = 15000A are shown in Fig. 2. A height-
independent microturbulence of 0.6kms™! is adopted for the
HSRA (cf. Blackwell and Shallis, 1979) and the fluxtube models.
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Models used
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Fig. 2. Upper panel: temperature structure of the extended modified
HSRASP model (solid curve) and the extrapolated network model of
Solanki (dashed curve). Lower panel: vertical magnetic field structure of
the network model

We choose —7.5 for the logarithmic abundance of iron and 2.5
for or (the empirical correction factor for the Van der Waals
damping), as suggested by Holweger (1979).

The line profile calculations are carried out with the modified
Stokes radiative transfer code of Beckers (Beckers, 1969a,b;
Solanki 1987b). In a first step, the logg*f values of both in-
frared lines, listed in Sect. 2, has to be determined (g*f being
the oscillator strength of the considered transition), as no pub-
lished values could be found in the literature. Synthetic Stokes
I profiles are fitted to the observed I profiles with logg*f as a
parameter. The HSRASP is used, since the Stokes I profile we
observe has its main contribution from the non-magnetic sur-
roundings of the fluxtubes due to the small filling factor in that
region (approximately 4%;; cf. Sect. 4). Blends must be compen-
sated, if an accuracy of a few percent is to be achieved. Although
these logg*f values may be slightly too small due to the ne-
glected weakening of the lines in the network, any error should
be similar for both lines and should not affect the results.

Using the HSRASP we have also derived the macroturbu-
lence velocity necessary to reproduce the Stokes I line widths.
We obtain 2kms™!, so that the total turbulent broadening
velocity (root of squared micro- and macroturbulence) seen by

these lines is 2.1kms 1.

4. Results of the analysis at disk centre (u = 1.0)

We first attempt to fit the infrared lines with a single compo-
nent, vertically and horizontally constant, magnetic field of
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strength B, within the fluxtube. For the moment we ignore the
weak field notch in the “magnetic” line. Without velocity broad-
ening the calculated Stokes V profiles of both lines are much
too narrow, so that some velocity and/or magnetic field broad-
ening must be present. The fit to the “magnetic” line yields B, =
1.5kG and vp,, = 5kms™ . vp,, is the Doppler width of the
Gaussian macroturbulence profile which must be convoluted to
the synthetic line profile to make its o-components broad enough
to match the observed line profile. However, these parameters
give a much too broad Stokes V profile of the “Doppler” line,
as is illustrated in the upper panel of Fig. 3. Note that in this
and the following figures the calculated Stokes V profiles have
been scaled and shifted to improve the match to the data. The
“Doppler” line allows a maximum value of vp,, = 3.3kms™!,
which leads to a much too narrow profile for the “magnetic”
line (lower panels of Fig. 3). No B, and vp,, pair can be found
that simultaneously fits both lines. Since the two infrared lines
are not completely identical, the velocities required to reproduce
their Stokes V widths may be slightly different, but the lines are
too similar for the difference to be almost 2km s~ !. Furthermore,
the analysis of Stokes V profiles in the visible suggests that
weaker lines require smaller broadening velocities (Solanki, 1986),
so that one should actually expect the “magnetic” line to be
reproducible with a slightly smaller velocity than the “Doppler”
line. The simple picture of fluxtubes being “sticks” of vertically
and horizontally constant field strength can thus be ruled out;
a certain amount of Zeeman broadening is needed to explain the
width of the “magnetic” line.

Next, we relax the assumption of a horizontally constant field,
i.e. we allow a horizontal variation of field strength. In analogy
to the field strength distribution in symmetrical sunspots (e.g.
Beckers and Schroter, 1969) Stenflo (1973) suggested a plausible
radial magnetic field distribution parametrized by B, the field
strength at the axis of the fluxtube, r,, the radius of the tube,
and f, a measure of the variation of the field strength with dis-

1.0 — : 4

tance from the axis:
B(r) = By(1 — (r/ro)*)’. 0y

For a cylindrical fluxtube Eq. (1) leads to a distribution function
f(B) which represents the amount of magnetic flux present in the
form of a given field strength, given by:

f(B) ~ BYETY, @

In addition to this function we made use of a box (i.e. only field
strengths within a certain range are present, all of which carry
equal amounts of flux) and a Gaussian f(B) distribution func-
tion. We find that reproducing the width of the “magnetic” line
with only an appropriate field distribution results in a too narrow
profile for the “Doppler” line due to its small sensitivity to the
magnetic field. Therefore, both Doppler and Zeeman broadening
are needed. Such a combined fit to both lines (carried out as
described in Sect. 2) yields vp,, = 3kms™ . However, as can be
seen in Fig. 4, the data do not allow us to distinguish between
the various distribution functions. We get B, = 1.9kG, and 8 =
0.425 for the distribution of Eq. (2), B, = 1.5kG for the Gaus-
sian with an e-folding width of 650 Gauss, whereas the box dis-
tribution function spans field strengths from 800 to 2100 Gauss.

Attempts to model the weak field notch are shown in Fig.
5, where the possibilities of it being caused by either a positive
(i.e. with the same polarity as the fluxtube field) or a negative
background field have been examined. In the first case a field of
400G carrying 2% of the whole flux is needed, whereas in the
second case an inverse field of 800G with 5% of the flux sub-
tracted from a broader field distribution approximates the ob-
served profile best. The broader enveloping Stokes V' profile can
be produced by B, = 2.0kG, and 8 = 0.675 using the distribu-
tion described by Eq. (2). These numbers are compatible with the
results of Howard and Stenflo (1972) and Frazier and Stenflo
(1972), who found that over 909 of the net magnetic flux is in
strong field form. Of course, a large part of the magnetic field

Fig. 3. Single component fits to the
Fe1 4115648.54 A (“magnetic”) line and
L the 415822.81 A (“Doppler”) line

r with B = 1.5kG. A macroturbulence

velocity of vp,, = Skms™? is required
+ by the “magnetic” line (upper panels)

[ whereas the “Doppler” line allows only
for a vp,, = 3.3kms ™! (lower panels).
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Fig. 4. Fits to the “magnetic” line assuming a purely horizontal gradient
of the magnetic field, using the distribution function given by Eq. (2) with
By = 1.9kG, B = 0.425, and vp,, = 3kms™" (dashed line), a Gaussian
with By = 1.5kG, ABp,, = 0.65kG and vp,, = 28kms™! (dotted line)
and a box distribution function extending from 800 to 2100 G with vp,, =
2.75kms ™! (dot-dashed line). For the “Doppler” line all three functions
give almost identical profiles; only the line profile resulting from the
box distribution has been plotted for reasons of clarity. u = 1
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Fig. 5. “Additive” and “subtractive” fits to the weak field notch. The dis-
tribution function of Eq. (2) is first used to calculate the basic profile.
Adding a profile calculated with a constant 400 Gauss field carrying 2%,
of the flux to the profile of Fig. 4 results in the dashed curve, whereas
subtracting a profile calculated with 800 Gauss (carrying 5% of the total
flux) from a profile with B, = 2.0kG and § = 0.675 produces the dotted
curve. =1
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may be in a tangled state on a relatively small scale and, there-
fore, not readily visible in Stokes V (e.g. Stenflo, 1988). To
account for the relative sharpness of the notches, profiles un-
broadened by velocities are used for the weak field component.
Since we do not have any knowledge of the temperature in this
weak field component, we assume it to be equal to that of the
fluxtubes and use the network model to calculate the line pro-
files formed there. The amount of weak field flux derived from
the data depends somewhat on this choice. For example, if, in-
stead, we use the HSRASP we obtain 1.4% and 3.3%; of the total
flux in weak field, respectively medium strong field form.

As pointed out in Sect. 2, the two infrared lines alone are
insufficient to distinguish between horizontal and vertical gra-
dients of the magnetic field. As a next step we, therefore, calculate
the 45250/ 5247 Stokes V line ratio for one of the f(B) distribu-
tions which reproduce both infrared lines. We have chosen the
distribution given by Eq. (2). The value of 0.75 for the amplitude
line ratio found by Stenflo et al. (1987a) cannot be reproduced
unless the field strengths of the distribution are reduced by a
factor of approximately 0.77. This is a direct indication of a ver-
tical field gradient, as the Stokes V profiles of the 45250.2A
and 15247.1A are formed in higher layers of the photosphere.
Note that vp,, has also to be redetermined carefully from the
line widths of the 15247/45250 lines, as it strongly affects the
line ratio too (e.g. Solanki et al,, 1987). A vy, of 2.2kms™! is
needed to fit these lines, a value which is compatible with previous
determinations. As the data in the visual do not originate from
the same region as those in the infrared, slightly different line
ratios may not be surprising, but a 23%; discrepancy is significant
due to the relatively unique field strength found in solar mag-
netic fluxtubes with the line ratio technique (cf. Stenflo, 1976,
Stenflo and Harvey, 1985).

In order to achieve consistency between the data in the in-
frared and the visible Solanki’s network model is used along with
a magnetic field structure calculated under the assumption of a
thin fluxtube (cf. Sect. 3 and Fig. 2). A purely one-dimensional
calculation is then carried out (no horizontal field distribution,
line profiles calculated along a single ray at the fluxtube axis).
The result, for vy, = 2.75kms ™1, is illustrated in Fig. 6. Clearly,
as long as we disregard the weak field notch, the two infrared
profiles are equally well reproduced by this vertical magnetic field
gradient alone, without further need for broadening by a lateral
field variation. It has the additional advantage that it also repro-
duces the 45250/ 5247 line ratio. Of course, a less pronounced
field gradient in combination with an appropriate horizontal field
strength distribution would also give a satisfactory fit to the
infrared data, but we see no need to carry out such calculations,
particularly since they would lead to worse fits to the line ratio.
The success of the purely one-dimensional (i.e. one line of sight)
model is, however, offset by one major disadvantage: it does not
conserve flux.

To cope with this violation of physical law in the simplest
way, 1.5-D radiative transfer calculations are carried out, i.e. the
profiles are calculated along many lines of sight penetrating the
fluxtube at different radii and weighted according to their area
contribution (cf. Sect. 2). For a fluxtube radius R, at g = 1,
(tr is T at A = 1500 A in the fluxtube) we have added all con-
tributions out to 3R,. This corresponds to a filling factor of 11%,
if the fluxtubes had adjacent canopies of this size which is a liberal
estimate for the filling factor in this region, as can be seen by
comparing with the empirically derived value below. Despite the
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caution needed when trying to deduce and interpret filling factors
(cf. Schiissler and Solanki, 1988), the Stokes ¥ amplitude never-
theless provides an estimate of it, and can be used as a crude
check to see whether our assumed value is reasonable. For the
infrared data we find approximately 4% which corresponds to a
fluxtube canopy extending out to SR,. The contribution of the
rays penetrating the fluxtube at this distance from the axis is
completely negligible, as is already the case for those around 3R,,.

The inclusion of flux conservation in the model calculations
changes matters considerably: the “magnetic” line grows broader
in such a way that the data can only be reproduced in terms of
an “outer” fit to the observed line (see Fig. 7). If we are to accept
the above inodel as a description of reality, then we are left with
the conclusion that the weak field component has the opposite
polarity to the strong field component. A simple way of imagining
this is that a certain number of field lines turn back relatively
close to the fluxtube much like the branches of a weeping willow
(limited return flux). No explicit return flux models for small flux-
tubes are known to us, although some sunspot models incor-
porate this feature (e.g. Fla et al., 1982). This picture does not
change significantly even when assuming only a 2R, canopy, cor-
responding to a filling factor of 209,. We must however bear in
mind the fact that a somewhat smaller vertical field gradiet can-
not be ruled out, which also results in a smaller fluxtube diver-
gence in our picture, leading to a narrower line profile and thus
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Fig. 7. Upper panel: Profile of the “magnetic” line resulting from Solanki’s
network model in a diverging fluxtube which conserves flux (B(ts5q00 =
1) = 2000 G and a filling factor of 119 have been assumed). Lower panel:
Fit of the weak field notch using two discrete components: an 800 Gauss
field of opposite polarity and a 400 Gauss field bearing the same polarity
(carrying 5% and 1.5, of the total flux respectively). u = 1
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to an “inner” fit again, i.e. a fit passing to the inside of the weak
field notch of the “magnetic” line. A full investigation of this case
is outside the scope of the present paper, particularly since we
have no a priori reason to prefer either polarity for the weak field
component. The best fit to the “magnetic” line, including the
weak field notch, is obtained with 5% of the flux having opposite
polarity and a field strength of 800G, and additionally 1.5% of
the flux having the same polarity as the fluxtube field and a field
strength of 400 G. The fact that we have to use two different
magnetic field components to reproduce the observations may be
an artifact produced by assuming the background field to be
constant, when in reality it may vary with height.

The 15250/45247 line ratio calculated with the multi-ray
model increases very slightly to 0.77 as compared to 0.75 for the
one-dimensional calculations but still remains within the error
bars of the observations. The reason for the increase is the greater
weight of the weaker fields due to flux conservation. vp,, de-
creases somewhat to 1.9kms ™! for the lines in the visible. The
inclusion of the weak field has a barely noticeable influence on
the 15250/ 5247 line ratio. Thus any field of opposite polarity
giving rise to the weak field notch does not have sufficient flux to
falsify the conclusions from the 15250/45247 line ratio. This
contradicts Semel’s (1986) suggestion, that relatively weak mixed
polarity fields produce the observed line ratio. A smaller vertical
magnetic field gradient, as prooposed above to obtain a weak
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field of the same polarity as the fluxtubes, may no longer be
consistent with the measured line ratio. However, this does not
necessarily rule out such a smaller gradient since a change in the
fluxtube temperature structure (in particular the temperature
gradient), which increases the difference in the heights of forma-
tion of the visible and the infrared lines, will make the model
consistent with the data. A change in temperature gradient also
affects the width of the Stokes V contribution function (B.
Larsson, private communication), and thus influences the sensi-
tivity of the “magnetic” line to vertical field gradients. The in-
fluence of the temperature structure on the measured magnetic
field strength and gradient has previously been pointed out by
Schiissler (1987) and Solanki (1987c). Another way in which the
temperature structure may affect the analysis is by a horizontal
variation of temperatures within the magnetic element. Such a
distribution in temperatures may also give rise to a certain
broadening of the “magnetic” line, since at various positions in
the fluxtube the line will then be formed at different heights and
will, therefore, be affected by different field strengths. Moreover,
it cannot be ruled out that the “weak field notch” is due to a
combination of temperature and magnetic field strength variation
in the fluxtube, e.g. at the boundary layer.

5. Results derived from data near u = 0.6

In this section we consider only the “thin tube” model pierced
by multiple rays. To be fully consistent with our cylindrical model
at disk centre, we would need a three-dimensional calculation of
a grid of rays penetrating the fluxtube at the desired angle prior
to calculating line profiles away from disk centre. Previous cal-
culations (De Martino, 1986) have, however, revealed that a
simple two-dimensional model (with only the lines of sight lying
within a single plane being considered) gives sufficiently accurate
synthetic Stokes V profiles for many purposes. Such a model has
therefore been used to investigate the infrared FTS data obtained
at u = 0.61. We have assumed two different fluxtube geometries
with their appropriate divergences:

1) A proper slab model with R(z) oc B(z) ™!, where R(z) is the
half-width of the slab at height z, the slanted lines of sight cut
the slab in a plane perpendicular to the direction of translational
symmetry. The resulting profile consists of the sum of the contri-
butions from the individual lines of sight.

(b) A cylindrical model with radius R(z) oc B(z)~ '/2. Our cal-
culations represent a cut through the central plane of the flux-
tube, which also contains the fluxtube axis. Note that this model
does not conserve flux exactly. It is possible to partly offset this
by weighting the rays individually.

Unlike the case where the lines of sight are vertical, the calculated
average Stokes V depends on R, at 7z = 1.0. Varying R, in both
of the above model geometries produces two families of models.

We have calculated grids of models of different sizes belonging
to families (a) and (b). Figure 8 shows the profiles of the “magnetic”
line resulting from the model with R, = 25, 30, 35, 50km for
family (a) (upper panel), and R, = 50, 100, 150, 250 km for family
(b) (lower panel), together with the observed profile. The influence
of this parameter on the resulting profile can be partly under-
stood if we first consider a narrow slab and “pull” it gradually
apart towards large R,’s. Consequently, an increasing number
of rays come to lie completely within the fluxtube (which, in the
limit of very large R,, corresponds to a one-dimensional model

471

Slab models

Stokes V [%)]

15650

1.0 4 Funnel models B
_ 0.5 4 =
3
= B L
£ 00 v
o
A . L
-0.5 A -
—1 O - -
T T
15647 15648 15649 15650

AA)

Fig. 8a and b. Observations and calculations for y = 0.61. Observed pro-
file: thick solid line. Upper panel: profiles of the “magnetic” line resulting
from model family (a) (slab) with Ry = 25km (thin solid line), R, = 30km
(dashed line), 35km (dotted line), and S0km (dot-dashed line). Lower
panel: profiles from model family (b) (funnel), for R, = 50 km (thin solid
line), 100 km (dashed line), 150 km (dotted line), and 250 km (dot-dashed
line)

having a field with a vertical gradient, inclined to the line of
sight) thus reducing the relative contribution of the border rays
which penetrate only the upper (weaker) fields and then pass into
the non-magnetic atmosphere. This should result mainly in a
shift of the profile towards larger splitting (i.e. stronger fields).

It follows from Fig. 8 that the models with R, = 30-50 km
of family (a) reproduce the line profiles relatively well, as does
the model with R, = 150km of family (b). Both models also
simultaneously reproduce the profile of the 115822.8 A line
(vpop = 3kms ™), as well as giving a 15250/1 5247 line ratio of
0.84 (vp,, = 2kms™1), which is in excellent agreement with the
observations (0.83 + 0.03 for u = 0.67, Stenflo et al., 1987a). Thus
a 30 km slab model or a 150 km funnel model fully complies with
both data sets. These dimensions are compatible with theoretical
results (Schiissler, 1984).

It is disturbing that the difference in geometry should produce
such widely different sizes. The most obvious cause for this be-
haviour is the fact that in the cylindrical case only rays in the
central plane are considered. More realistically, rays outside of
this plane which see smaller field strengths would also contribute
to the average. In an attempt to test whether this is the main
cause, the various rays have been weighted individually. How-
ever, reasonable amounts of weighting do not affect the derived
diameter sufficiently. The only remaining evident source is the
difference in fluxtube expansion between the two families of
models. Since the slab model expands much more rapidly with
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height (in the plane containing the lines of sight), more rays will
tend to stay within the fluxtube. Apparently, the proportion of
the lines of sight passing into and out of the fluxtube determines
the profile of the “magnetic” line. Thee reason for this behaviour
is still unclear, but, due to the potential importance of this diag-
nostic, it will be the subject of future investigations. Another
point which suggests that caution is required when interpreting
these radii is that the calculations carried out here have assumed
a solitary fluxtube, with no neighbours. Although this does not
affect the analysis at disk centre, it may play an important role
for u < 0.67 (0 > 54°). In reality, as we shrink their radii the flux-
tubes will, for a fixed filling factor, lie close together so that a
single line of sight may pass through more than one fluxtube.
This may, to a certain extent, offset the influence of the fluxtube
radius on the line profiles. Note that this caveat also applies to
the calculations of Van Ballegooijen (1985b) of Stokes V profiles
from very thin tubes.

Leaving these problems aside for the moment and considering
only one specific geometry it is not a priori to be expected that
a single model can fulfill all requirements of both the infrared
and the visible data so successfully, at the same time nicely con-
firming the results of Sect. 4. It forces us to the conclusion that
all fluxtubes with the same geometry should have approximately
the same dimension. We cannot regard the successful radius with-
in a model family as being a “mean equivalent” radius of a dis-
tribution of radii. An attempt to obtain the same profile by adding
contributions from different radii leads to a much too broad pro-
file for the “magnetic” line. A chosen geometry thus correlates
with an approximate dimension (e.g. half-widths of approximately
30 km for slabs, and a radius of about 150 km for cylindrical flux-
tubes). This indicates a possible uniqueness property of fluxtube
dimensions. As a consequence, different filling factors would be
a result of varying area density of small fluxtubes rather than of
their varying horizontal dimension. This result confirms the con-
clusion of Knélker and Schiissler (1988) that magnetic knots (e.g.
Beckers and Schroter, 1968) are not larger fluxtubes with diam-
eters of approximately 1-1.5arcsec, but, rather, are the observ-
able consequence of the tighter packing of many small fluxtubes.
However, a distribution of geometries (or rather expansion rates)
with their corresponding dimensions can, of course, not be ruled
out. Also, if the field strength in the magnetic elements is cor-
related to their diameters, such that thinner elements have a
larger field strength, then again fluxtubes with a range of flux-
tube diameters may be present without broadening the “mag-
netic” line too strongly. This last point appears unlikely, since
for larger structures there is observational evidence for an oppo-
site correlation (sunspots have stronger fields than smaller flux-
tubes), which is also in agreement with theoretical arguments.
Theoretically, larger fluxtubes are expected to be cooler (less effi-
cent radiative coupling to the surroundings with increasing hori-
zontal optical thickness, cf. Knélker and Schiissler, 1988) with
an expanded opacity scale. This allows light from deeper layers
in the (larger) fluxtubes, where the field is stronger, to escape.

In view of these uncertainties we prefer to consider the widths
of magnetic elements determined here as preliminary.

The “weak field notch” is again best reproduced by an op-
posite polarity field (return flux picture) with a field strength of
800 Gauss carrying 7% of the total flux irrespective of which
family of models, i.e. (a) or (b), is used. The fits are shown in
Fig. 9. Note that the fits are far from perfect. However, we are
unable to reproduce the line profile any better. This, together
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Fig. 9. Fit to the weak field notch assuming a 30 km slab model (dashed
line) and a 150 km funnel model (dotted line), both with an 800 Gauss
field of opposite polarity carrying 7% of the total flux. u = 0.61

with the difficulty in fitting the narrow and sharp weak field
notch at u = 1, may be indicative of shortcomings in the sim-
ple weak field interpretation we have proposed. Once more the
return flux has only a slight influence on the profiles in the visible.
The returning V-profiles grow slightly broader, so that vy, and
the line ratio decrease by a negligible amount.

6. Conclusions

We have presented a technique for determining magnetic field
strength gradients in solar magnetic fluxtubes, which also allows
rough limits to be set on fluxtube diameters. It is based on com-
paring the widths of the individual ¢-components of a strongly
Zeeman split line in the infrared with a weakly split, but other-
wise similar, line. This allows the broadening due to a possible
velocity distribution in solar magnetic fluxtubes to be separated
from that caused by a magnetic field variation. By comparing
the field strength determined from the infrared lines with that
derived from lines in the visible (which are formed higher in the
atmosphere), it is also possible to distinguish between vertical
and horizontal magnetic field variations. Finally, by carrying out
such an analysis at different positions on the solar disk it is also
possible to set some preliminary constraints on the dimensions of
solar magnetic fluxtubes. In the following we list the main results
of the present analysis.

(i) A vertical gradient of the magnetic field strength must be
present in solar magnetic fluxtubes. A magnetic field strength de-
creasing with height in accordance with strict pressure balance
(thin tube approximation) reproduces the data relatively well if
the field strength at 750, = 1 is approximately 2000 G, in agree-
ment with the result of Solanki et al. (1987). The B(z) curve plotted
in Fig. 2 may, therefore, be considered as the best current empiri-
cal representation of the behaviour of the magnetic field strength
near the center of a magnetic element between logt = 0 and —3.

(ii) In the lower photosphere the field strength inside the flux-
tube must be horizontally nearly constant. This implies that the
boundary layer at the edge of the fluxtube cannot be thicker than
a relatively small fraction of the fluxtube width, in agreement
with the result of Knolker et al. (1988), which they derived from
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more indirect arguments. Therefore, current sheet models, such
as those of Deinzer et al. (1984a,b) and Steiner et al. (1986) are
to be prefered to models having, e.g., a Gaussian horizontal field
strength distribution (e.g. Osherovich et al., 1983).

(iii) Most of the fluxtubes in the resolution element must
have similar field strengths. This confirms previous results of the
line ratio technique by Stenflo and Harvey (1985), who, how-
ever, could only show that the variation in average fluxtube field
strength from one part of the solar surface to another is small.

(iv) At least two distinct components of magnetic flux with
different field strengths are present in solar network and active
regions. The strong field component corresponds to the tradi-
tional fluxtubes with kG fields in the photosphere. The nature
of the weaker field component is less certain. If the field strength
in fluxtubes does not vary rapidly with height then a magnetic
field of the same polarity as the fluxtube field, with a strength
of approximately 400 G and containing approximatey 1-2% of
the total magnetic flux in the resolution element can explain the
observations. However, an opposite polarity field is also possible,
and calculations assuming the thin tube approximation to be
correct actually suggest that an opposite polarity 700-800 G field
with 3-7% of the flux is present. A possible scenario is that a
small portion of the field lines of a magnetic fluxtube returns to
the solar surface relatively close to the fluxtube (limited return-
flux model).

(v) For the studied regions we have, therefore, with the help
of our very sensitive technique, confirmed the result of Howard
and Stenflo (1972) and Frazier and Stenflo (1972) that over 90%,
of the net magnetic flux outside sunspots is in kilogauss form.

(vi) A sizeable “turbulence” velocity (a combination of micro-
and macroturbulence) of 3-3.4kms™! in magnetic fluxtubes is
derived at disk centre from the two infrared lines. This is consid-
erably larger than the “turbulence” velocity in fluxtubes derived
from Fe1 lines of equal strength in the visible (Solanki, 1986).
However, the total “turbulence” velocity in the non-magnetic
atmosphere derived from the infrared lines, 2.1kms™!, is also
larger than the value derived in the visible from lines of similar
strength and excitation potential. This is probably a consequence
of seeing deeper into the atmosphere in the infrared.

(vii) The magnetic field strengths and gradients etc. derived
at disk centre also satisfy the observations near u = 0.6, if an
appropriate model fluxtube size is chosen.

(viii) If we assume a slab geometry for the fluxtubes (or rather
fluxslabs), then the data suggest average fluxtube full widths near
the 75000 = 1 level in the fluxtube of between 60—100 km, while
for a cylindrical geometry diameters of approximately 300 km
result. These values are compatible with the upper limit on the
smallest magnetic concentration diameters of 0.3-0.5 arcsec set
from direct high resolution observations by Ramsey et al. (1977)
and with the limit of 35—-105 km derived from the smallest mea-
sured magnetic flux by Wang et al. (1985). However, they con-
tradict the lower limit of 390-550km claimed by Wiehr (1979),
also from magnetic flux measurements. We wish to stress that
the fluxtube sizes derived here are very preliminary and more
work needs to be done to improve the diagnosis of this important
fluxtube parameter.

(ix) The small diameters we obtain, even in a relatively strong
active region plage, suggest that larger filling factors are often
due to the close clumping of many small fluxtubes, rather than
to the presence of larger tubes (e.g. Knolker and Schiissler, 1988).
This conclusion is reinforced by the fact that once a given ge-
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ometry for the fluxtubes is assumed (cylindrical or slab) it is found
that most fluxtubes in the resolution element must have similar
diameters.

(x) The Stokes V profiles of strongly Zeeman split lines calcu-
lated using single and multiple lines of sight are quite different.
If the resulting profiles are to be compared to spatially averaged
observations, then it is important to ensure that the model used
conserves magnetic flux with height. For less strongly split lines
at disk centre the difference in Stokes V profile shapes resulting
from radiative transfer calculations along single and multiple
lines of sight is considerably smaller. Of course, the Stokes V'
amplitudes are quite different.

A number of ways of improving, extending and applying the
analysis technique developed here come to mind. The most ob-
vious application is to systematically derive field strengths and
gradients for a large number of solar regions, to see whether the
results of this paper represent the sun as a whole. In particular
it would be interesting to apply such an analysis to a young
region of emerging flux and observe whether a larger fraction of
the flux is present in weak field form. The technique described
here can also be applied to high resolution spectra of sunspots,
making it possible to map both the horizontal and vertical field
distribution simultaneously. Since sunspot fields are stronger,
high and low g lines in the visible may partly be used instead
of the infrared lines. Such a study should be complementary to
the measurements of horizontal field distribution by, e.g., Lites
et al. (1988) and Deming et al. (1988).

We wish to stress the importance of using multiple lines having
different Zeeman splittings and being formed at different heights,
since with a single strongly split line it is not possible to dis-
tinguish between various possible broadening mechanisms. A
case in point is the observation by Deming et al. (1988) that in
sunspot penumbrae the o-components of Mgid12.32 um are
broader than its n-component. They interpret this as a sign of a
horizontal distribution of field strengths in the penumbra, after
arguing against a vertical magnetic field gradient through a com-
parison with theoretical models. However, we argue that velocity
cannot be ruled out as a cause. If mass motions directed mainly
along the field lines are present (as Deming et al. infer from the
wavelength shifts of the o- and n-components of the line) and
the velocity varies, e.g., along a penumbral fibril or from fibril
to fibril, then this would lead to exactly the observed result. When
B is nearly parallel to the line of sight the o-components are
stronger and the velocity is also directed mainly along the line
of sight. Therefore, any variation in the velocity will be strongly
felt by the line giving rise to broad s-components. When the field
is almost perpendicular to the line of sight then the n-component
dominates, but since the velocity is now also nearly perpendicular
to the line of sight the n-component will remain relatively narrow.

A future improvement of our analysis must incorporate the
Stokes contribution functions of the spectral lines used (Van
Ballegooijen, 1985a; Grossmann-Doerth et al., 1988b), since the
derived vertical magnetic field gradients depend strongly on the
vertical extent of the Stokes V' contribution function of the Fe1
115648.54 A line as well as on the difference between the heights
of formation of the visible and infrared lines, which may be quite
temperature dependent.

A straightforward extension of the present analysis would be
to consider the line ratio of the complete Fer 15247.1A and

15250.2 A Stokes V profiles. A preliminary analysis, involving

only simple Milne-Eddington solutions, by Stenflo (1984) suggests
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that useful information on field strength gradients may be derived
from an analysis of these lines.

Finally, we would like to repeat the point made by Deming
et al. (1988) that observations with a high spectral resolution in
the Zeeman regime (i.e. observations of a line with a large Zeeman
splitting) can overcome many of the problems posed by the limited
spatial resolution of present day observations.
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