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Abstract. High quality spectra obtained in regions of varying
activity near solar disk centre are analysed. Changes in line
parameters (half-width, depth, equivalent width, wavelength at
line bottom, bisector shape) are presented as a function of the
magnetic filling factor. The filling factor is determined from a
statistical analysis of line width following Stenflo and Lindegren
(1977). Their technique is developed further. Its application to
Stokes V data shows that the field strength within magnetic
elements is relatively homogeneous.

The line depth is seen to decrease with increasing filling
factor for all the observed lines, while the line width increases,
even after the Zeeman broadening has been compensated for.
For strong or temperature insensitive lines the equivalent width
remains practically unchanged, but decreases for weak lines.
The line bisectors show a marked change, with the lower part
of the bisector straightening out, in accordance with results in
the literature. The upper part of the bisector (i.e. I > 0.71;), in
contrast, is observed to become more horizontal and redshifted,
suggesting either larger downflow velocities or an increased
weighting of the downflowing component of the atmosphere.

Line bisectors averaged over sets of 19 Fel lines and over
several spectra of very small filling factor (¢« < 0.02) show a
blue shift of approx. 0.35 km/s, when referred to the Mgl line
151727 A. With o increasing to > 0.08 this blueshift decreases to
0.12 km/s at half the line depth.

The observations are qualitatively explained by a decrease
in the contrast between the up- and downflow components
of the non-magnetic part of the atmosphere in active regions
(“abnormal granulation”) coupled to either a decrease in the
average temperature of the non-magnetic part, or a significant
increase in small-scale velocity (line broadening velocity).
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1. Introduction

The influence of magnetic fields on solar and stellar convection
is of basic interest and has been widely studied theoretically (cf.
reviews by e.g. Nordlund, 1986; Hughes and Proctor, 1988) and
observationally (e.g. Mattig and Nesis, 1976; Livingston, 1982;
Kaisig and Schréter, 1983; Brandt and Schroter, 1984; Miller et
al., 1984; Title et al., 1986, 1989 ; Immerschitt and Schroter, 1987,
1989; Cavallini et al., 1985, 1988; Keil et al., 1989). Most of the
observational investigations have been based on the difference
between the “C”-shape and wavelength shift of photospheric
lines in quiet and active regions on the Sun. The “C”-shaped
asymmetry of the line bisectors and the shifts of spectral lines
have been known for over 30 years (e.g. Schroter, 1957) and
are usually attributed to the brightness-velocity correlation of
the solar granulation (e.g. Beckers and Nelson, 1978; Kaisig and
Durrant, 1982; Dravins et al., 1986).

Despite the relatively large number of investigations of
line bisectors and shifts in active regions, which — besides
some controversy (particularly regarding the line shifts) — have
produced much interesting information, there is still a dire need
for an investigation of the variation of the C-shape, wavelength
shift and other line parameters of a broad sample of lines as a
quantitative function of the magnetic flux. Such an investigation
is the subject of the present paper. It should not only provide
us with more information on how convection is locally affected
by magnetic fields, but may also allow us to obtain an idea
of whether this influence should be observable globally, i.e.
on the Sun seen as a star (“integrated sunlight”). Long-term
changes in C-shapes (Livingston, 1982, 1983) and equivalent
width (Livingston and Holweger, 1982) of photospheric lines
were derived from time series of spectra of integrated sunlight.
These results have recently not been confirmed (Livingston and
Huang, 1986; Livingston, 1987). However, the C-shape can also
be observed in stellar spectra (Gray, 1982; Dravins, 1987) and
is one of the very few diagnostics which can be used to infer
convective motions on stellar surfaces. Therefore, the present
investigation also serves as a guide to the expected magnitude
of the changes in stellar bisectors caused by magnetic fields,
which can cover sizeable fractions of the surface of some late
type stars (e.g. Robinson et al., 1980; Marcy, 1984; Saar and
Linsky, 1985; Saar, 1987; Mathys and Solanki, 1989). Despite its
limited spatial resolution it seemed advisable to make use of the
potential of the Fourier transform spectrometer (“FTS”; Brault
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1978, 1985), whose advantages include a symmetric apparatus
profile, a well defined wavelength scale, a high S/N ratio, and a
low amount of scattered light. Additionally, this device offers the
possibility to observe many lines strictly simultaneously. In this
way, uncertainties due to solar and terrestrial line blends can be
avoided and the results can be put onto a more solid statistical
basis. The merits of this method have been reviewed recently by
Solanki (1987a).

In the following, the recording of a series of FTS spectra
of plage and quiet Sun regions and the method of deriving a
magnetic filling factor for each of them, is described. For a set of
32 lines (mostly Fel) the line depth, equivalent width, halfwidth,
and especially the bisectors are determined and the systematic
changes of these parameters with the magnetic filling factor are
investigated. The results are discussed, partly with the help of
simple model calculations, and with reference to the findings of
other authors concerning the structure of the upper convection
zone in the presence of magnetic fields.

2. Observations

All observations were performed with the McMath solar tele-
scope at Kitt Peak National Observatory (Tucson) in the period
June 1 to 13, 1984. With the aid of the daily magnetograms
and an improvised slit-jaw viewing system, using an Ha-Daystar
filter, plage and quiet regions were selected on the solar disk.
On several days plage regions were scanned in a stepwise man-
ner, using the limb guiding system, across the 5 by 25 arcsec?
entrance slit of the FTS, so that consecutive spectra outside and
at several positions in plages were obtained. Pores and sunspots
were carefully avoided.

Two-sided interferograms, with a theoretical resolving power
corresponding to A/44 ~ 200 000, and integration times of 13.7
min, were obtained with the FTS. For some spectra twice as
long integration times were used. After Fourier transformation
spectra were obtained, which cover the usable spectral range
245050 to 6650A, or 19 800 to 15 000 cm™!, at a step width of
0.026 cm™1.

A set of 25 spectra observed close to disk centre in the range
1.0 > cosf > 0.9 was selected for further evaluation in the present
work. According to the comparison with the magnetograms they
cover a wide range of activity and include 6 spectra taken at disk
centre in quiet regions on different days.

3. Estimate of the absolute amount of magnetic flux

3.1. The Stenflo-Lindegren method

The magnetic filling factor is estimated with the method originally
developed by Stenflo and Lindegren (1977) to set an upper limit
on the turbulent magnetic field and later used by Mathys and
Solanki (1989) to measure stellar magnetic fields. This method
is based on a multi-variate regression of a line parameter (of
the unpolarized profile) sensitive to Zeeman splitting. Thus, for
a large number of spectral lines of the same ion, the generally
small effects due to the magnetic field can be isolated and thereby
some information obtained on the filling factor. We shall follow
Stenflo and Lindegren (1977) and use the line width at half
minimum, vp, given in velocity units (defined as the Doppler
width of a Gaussian having the same width at half minimum).
After the continua of the raw spectra have been normalized

and the relevant line parameters determined, a regression of the
following form is carried out:

vp =xo+xlv,2nlz/vo+x2(v,2n)/12/v0+x38+ 0

+ x4S2 + X5XeV05

where X, ..., x5 are regression coefficients, S is the line strength,
Xe is the excitation potential, 4 the wavelength, vy is an approxi-
mation of vp, vy = yg + y1 5%, and
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for a magnetic field at an angle y to the line of sight. (v,z,,) is
averaged over all the lines. In Eq. (2) ge is the effective Lande
factor of the line, and

Xz = (g1 — 82)>(3s — d> — 2)/10,

3
xo = (g1 — £2)*(8s — d* — 12) /80, 3
with
s=JiJ1 + )+ 202 +1), @

d=Ji(J1+1) =+ 1)

(cf. Landi Degl'Innocenti, 1982, 1985; Mathys and Stenflo,
1986). In Eqgs.(3) and (4) J; and g are the angular momentum
quantum number and the Landé factor of the lower level of the
line, respectively. J, and g, are the respective quantities for the
upper level. These extra elements in the magnetic (x;) term of
the regression take the anomalous Zeeman splitting into account
and have been listed by Landi Degl’Innocenti (1985) for the 400
unblended Fel lines selected by Stenflo and Lindegren (1977).
For more details on the derivation of Eq. (1), and tests on the
validity of the results derived with it, see Stenflo and Lindegren
(1977) and Mathys and Solanki (1989).

If we take the intermittency of the magnetic field into
account by assuming a simple two component model composed
of a magnetic component of field strength B covering a fraction
o of the surface in the resolution element and a non-magnetic
component covering the remainder, 1 —a, then the filling factor «
is coupled to the regression coefficient x; of the Zeeman splitting
term via

ho XL -
"~ K2¢2B25.6, )

where k = 4.67 km~!G™!, ¢ is the speed of light, o, =
magnetic /pquiet Sun ¢ the continuum contrast of the magnetic
elements relative to the quiet Sun, and §, is the average amount
of line weakening in the magnetic elements due to their generally
higher temperature.

If ), d;, and B are known, then the filling factor « can be
determined directly from Eq.(5). Tarbell and Title (1977) and
Stenflo and Harvey (1985) have shown that the magnetic field
strength in fluxtubes is practically independent of the filling
factor. We can therefore use the same value of B for all spectra.
Probably the magnetic field strength most relevant to the present
analysis is the one determined by Solanki and Stenflo (1984).
They applied a similar statistical approach on Stokes V data,
so that their B values should refer to roughly the level in the
atmosphere we require, i.e. to the level at which the weakest
Fel lines are formed. For 5 regions they find B values ranging
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between 1400 and 1700 G. Similar, if not greater, uncertainties
also exist as far as J; and J, are concerned. For example, the
values of §; depend on the filling factor (cf. Solanki and Stenflo,
1984 1985), and even on the wavelength interval used for the
analysis (since lines of different excitation potential and strength
are distributed unevenly over ). Values of . are also highly
uncertain, with values ranging from 1.0 (e.g. Chapman, 1970) to
2.0 (Koutchmy, 1977) being found in the literature. Furthermore,
d. may also be a function of «. We have used the 182 unblended
Fel lines between 5400 A and 6650 A which have line strengths
(as defined by the area of the lower half of the line) less than 8
F. Assuming B = 1500 G, §, = 1.4, and §; = 0.7 we have obtained
values of « ranging from 0.00 to 0.12 (sometimes also quoted
as 0 to 12%) for the 25 spectra that were analyzed. The choice
of J, is compatible with the results of Muller and Keil (1983)
and Schiissler and Solanki (1988). The accuracy of our absolute
values of « is not better than 4+ 50%, due to the cumulative effect
of the uncertainties in x;, B, d., and §;. However, the internal
consistency of our results is considerably better than this, since
it only depends on how strongly B, d., and J; vary with filling
factor, as well as on the uncertainty of x;. We therefore feel that
the « scales in the figures may have to be stretched or compressed
by a considerable amount, but that the relative positions of the
points should remain relatively independent of our choice (to
within approximately 0.02 on the adopted o scale).

We wish to emphasize that the determination of the filling
factor from a polarimeter (e.g. magnetograph) recording faces
similar problems (Solanki, 1985; Grossmann-Doerth et al., 1987).
The Stokes I regression analysis approach actually has the
advantage that it measures the squared average magnetic field
and not only the net line of sight magnetic flux. It, therefore, gives
the correct value even in the extreme case when equal amounts
of negative and positive polarity field exactly compensate each
other, so that a polarimeter would give a filling factor of zero.
The main disadvantage of the Stenflo-Lindegren method is that
it has a smaller sensitivity than polarimetric techniques.

3.2. Other indicators of the filling factor

The Stenflo-Lindegren technique is in fact an indicator of /o B
and we can derive « from it only by assuming some value for
B. We now wish to briefly outline a method for determining
the filling factor directly from the unpolarized line profiles. One
should note that a relatively large magnetic field strength and a
small filling factor affect a line profile quite differently from a
weak field with a large «, even if /o B is the same for both. In
the latter case practically the complete line profile is broadened
as if two Gaussians had been slightly shifted against each other.
In the case of a small filling factor, on the other hand, the part
of the profile near the continuum is broadened much more than
the part near the core. This means that if we measure the width
at different levels in the lines, and carry out a regression at
each level, then the ratio of the Zeeman regression coefficients
should be a measure of the filling factor. If vp(nd) is the line
width at a level nd above line bottom, with d being the line
depth and 0 < n < 1, and x;(nd) is the regression coefficient
of the Zeeman term of the regression equation to vp(nd), then
x1(nd)/x1(md), (n # m) is a measure of the filling factor. We have
determined x; at three different levels in the line, i.e. 0.3d, 0.5d,
and 0.7d above line bottom, for all the regions studied in this
paper and additionally for 4 FTS Stokes I and V spectra of active
regions and the network obtained near disk centre (cf. Stenflo
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Fig. 1a,b. Ratios of regression coefficients for Zeeman splitting at different
levels of the line profile.

et al, 1984). In Fig. la we have plotted x;(0.7d)/x1(0.5d) vs.
x1(0.5d), while in Fig. 1b x1(0.3d)/x1(0.5d) vs. x1(0.5d) is shown.
The fact that the two curves are monotonic implies that x;(0.5d)
alone is indeed a measure of the filling factor. The arrows at the
right mark the values for two regions with x;(0.5d) = 6.7 - 1017
and 9.9 - 10'7.

We are also in the fortunate position of being able to test
how these two indicators behave for o close to 1. To this end
we have taken the integrated Stokes V profile, which is an
approximation of the Stokes I profile inside magnetic features
(Solanki and Stenflo, 1984; Solanki, 1987b). In a two component
model this line profile should have a shape corresponding to
o = 1 (since it gets no contribution from the non-magnetic
parts of the atmosphere). When we apply the method described
above to this profile, we do indeed obtain x(0.7d)/x1(0.5d) ~
x1(0.3d)/x1(0.5d) =~ 1. Besides verifying the intuitive expectations,
this result also limits the amount of net flux in weak field (less
than a few hundred G) and very strong field form (say 2500 G
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Fig. 2. Variation of line depth of Fel A5250.2 A as function of the magnetic
filling factor a.

or more) to less than 10-20% of the net flux in these regions, in
accordance with the results of Solanki et al. (1989) and Zayer et
al. (1989).

It should be noted that so far this method is qualitative. It can,
however, be transformed into a quantitative diagnostic by either
calibrating it with radiative transfer line profile calculations or
other observations. However, in the present paper it only serves
to illustrate the reliability of x5 as a filling factor diagnostic and
we shall not go into further details here.

Another indicator for the amount of magnetic flux is the
line depth of a temperature and/or magnetic field sensitive line.
An ideal line is Fel 45250.2 A, since it is extremely temperature
sensitive (xo = 0.12eV) and in addition also has a large Zeeman
splitting. Therefore, its depth changes quite rapidly with filling
factor as can be seen in Fig. 2. A similar plot, but with the
Stokes V amplitude of A5250.2A as abscissa has also been
published by Stenflo and Harvey (1985). Fig. 2 may be used to
derive “filling factors” without having to measure many lines
or Stokes V. However, before using this curve to determine the
approximate filling factor, stray light and spectral resolution
should be compensated for, since otherwise spuriously large
values of a would be obtained.

4. Selection of lines and evaluation procedure

For the rest of the present investigation a set of 32 weak to
medium-strong lines (mostly Fel) have been selected. They are
listed in Table 1 and, for the sake of comparison, comprise 3 Fel
lines around 16300 A studied by Cavallini et al. (1985), the set
of 11 lines in the range 16232-6265A used by Gray (1982) in
a study of convective velocities in stars, the set of 10 Fel lines
studied by Livingston (1983, 1984) and the 6 Fel lines studied by
Kaisig and Schréter (1983). Additionally Mg 15173 A and 8 O,
lines around 16300 A have been chosen as wavelength references.

In order to correct for trends in the continuum, in each
spectrum subinterval of approximately 35A width all values
were normalized to the point of highest intensity and a linear
correction of = 0.045% per 1A was applied; this correction
was determined from a low resolution overall spectrum supplied
with each of the spectra and accounted for real continuum
variations and changes of predisperser transmission and pho-
todiode response as function of wavelength. Additionally, the
quasi-continuum in the far wing of each line was corrected to

Table 1. List of lines used for the present analysis; g values
from Solanki and Stenflo (1985), and Livingston and Holweger
(1982); excitation potential y, from Stenflo and Lindegren (1977).
(W) = line equivalent width (in mA) averaged over 6 spectra
recorded at disk centre with a < 0.02; (d) = same average for
line depth; 64 = r.m.s. scatter of (d); 4d/d = variation of line
depth from a < 0.02 to o = 0.12 relative to the line depth in the
quiet Sun; AW/W and 4F /F corresponding values for equivalent
width and full width at half line depth; 44yq = line bisector
asymmetry between line minimum and I/I; = 0.7 for « < 0.02
(‘quiet’); Aly,, the same for a = 0.12 (‘active’), cf. Sect. 5.5.

* = lines used for the analysis of averaged bisector wavelength
positions, cf. Sect. 5.6.

No.el A g (W) () o4 Ad/d AW/W AF/F Alyq Alga
[A) V] mA] [%) %] (%] [mA] [mA]
1 Fel 6302.5% 2.50 3.69 93.1 0.667 0.005 -13.7 -3.7 13.3 3.6 3.2
2 Fel 6301.5% 1.67 3.65 142.7 0.734 0.003 -8.3 -1.6 10.3 5.6 2.1
3 Fel 6297.8% 1.00 2.22 78.3 0.665 0.005 -10.9 -4.7 5.9 2.9 2.0
4 Fel 6265.1% 1.58 2.18 91.4 0.707 0.004 -10.9 -3.4 8.7 3.9 2.6
5 Fel 6256.4 -  2.45 97.4 0.70h 0.003 -9.5 -5.5 4.4 6.8 4.8
6 Fel 6252.6% 1.08 2.40 131.0 0.759 0.004 -6.5 -l1.4 5.8 3.4 -0.3
7Vl 6251.8 -  0.29 15.5 0.124 0.003 -13.7 -9.9 2.5 - -
8 Fell 6247.6 1.10 3.89 58.5 0.488 0.005 -3.9 0.7 4.6 2.0 1.2
9 Fel 6246.3% 1.58 3.60 139.9 0.734 0.003 -8.3 -2.0 9.5 5.6 2.4
10 ScII 6245.6 -  1.51 35.9 0.319 0.004 -9.2 -7.0 2.7 - -
11 Sil 6244.5 -  5.61 54.0 0.343 0.003 -8.4 -6.1 2.3 0.0 0.2
12 Fel 6240.7 1.00 2.22 48.5 0.507 0.009 -13.6 -10.1 2.9 0.8 0.8
13 sil 6237.3 -  5.61 77.7 0.409 0.004 -8.6 -5.7 3.1 -1.2 -0.8
14 Fel 6232.6% 2.00 3.65 94.3 0.662 0.004 -12.3 -3.2 11.0 3.2 2.6
15 Fel 5855.1 0.62 4.61 23.6 0.236 0.004 -6.8 -6.6 -1.4 -
16 Fel 5635.8 0.67 4.26 39.7 0.381 0.007 -8.6 -7.2 1.0 0.3 0.2
17 Fel 5576.1% 0.00 3.43 147.5 0.79 0.004 -5.8 -3.1 4.3 4.0 0.0
18 Fel 5560.2 0.62 4.42 56.2 0.548 0.007 -8.3 -5.6 2.1 1.3 0.9
19 Fel 5506.8% 2.00 0.99 129.9 0.837 0.006 -6.4 2.2 10.3 4.5 0.1
20 Fel 5434.5% 0.00 1.0l 196.6 0.876 0.007 -4.9 -0.9 5.9 4.7 -2.9
21 Fel 5395.2 0.50 4.44 23.9 0.239 0.005 -6.6 -5.8 -2.1 - -
22 Till 5381.0 0.90 1.60 65.7 0.591 0.004 -5.9 -3.2 2.7 1.6 0.9
23 Fel 5379.6% 1.00 3.69 64.9 0.647 0.006 -9.2 -6.3 3.0 2.0 1.2
24 Fel 5302.3%* 1.50 3.28 170.2 0.831 0.005 -5.9 -1.1 6.8 5.3 0.3
25 Fel 5263.3% 1.50 3.26 148.7 0.823 0.004 -6.1 -1.8 6.5 4.8 0.4
26 Fel 5250.7% 1.50 2.20 126.2 0.816 0.004 -6.7 -1.5 7.0 4.8 2.0
27 Fel 5250.2% 3.00 0.12 69.1 0.751 0.009 -16.7 -7.6 9.5 2.6 2.5
28 Fel 5217.4% 1.50 3.21 126.9 0.813 0.004 -6.6 -1.0 7.2 5.8 1.8
29 Fel 5198.7+ 1.50 2.22 102.6 0.813 0.005 -6.9 -0.5 6.9 4.8 2.5
30 Fel 5137.4% 1.20 4.18 133.9 0.815 0.003 -6.1 -2.8 5.9 5.9 2.9
31 Fel 5123.7 0.00 1.01 116.4 0.845 0.005 -5.4 -2.3 4.1 -0.2 -3.4
32 Fel 5074.8% 0.90 4.22 140.9 0.834 0.004 -5.5 -2.0 5.2 5.8 1.9

yield the value given in the atlas by Kurucz et al. (1984). Usually
corrections of < 1% were necessary.

For ease of treatment the intensity data in spectral intervals
of +1.2A around the selected lines were interpolated by use of
a Fourier interpolation technique (‘zero filling’) to yield values
at 1/4 of the original wavenumber stepwidth, ie. at 0.0065cm™!
corresponding to 41 between 1.7 and 2.6 mA. This procedure left
both the given spectral resolution and the S/N ratio of 2000 to
3000 of the original data points unchanged (Brault and White,
1971). Bisector points were then calculated by computing the
second order polynomial for three intensity points in each flank
of the line in steps of 2% of the continuum intensity, starting at
the lowest even percent value above line minimum and ending at
relative intensity 0.92. All graphic bisector presentations in the
following also start and end at these levels. No other smoothing
or interpolation was applied. Line depths were determined by
fitting second order polynomials into the lowest eighth of the
line profiles and computing their minima.

The spectral windows used for the determination of the
equivalent width in most cases were limited by the appearance
of blends in the line wings. Thus for the weaker lines typical
windows of the order of +0.2A, for the stronger ones two or
three times this value was used, so that the far wings of the lines
were neglected.

The absolute wavelength scale of the FTS was checked by
the following procedure. In each spectrum the average difference
of the vacuum wavenumbers of 8 terrestrial O, lines in the
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range 16280 to 6306A (or 15918 to 15852cm™! in vacuum
wavenumbers) to the values quoted by Babcock and Herzberg
(1948) and by Pierce and Breckinridge (1973) was determined.
Values in the range 4+0.003 and —0.021cm™! were found. To
correct for these differences, all vacuum wavenumbers were then
multiplied by a so-called “rubber scale factor” (cf. also Palmer
and Engleman, 1983), typically ranging between 0.9999998 and
1.0000013 for the different spectra. Furthermore, the dispersion
of the FTS, which is intrinsically determined by the stabilized
reference laser, was checked and found to be correct within
approx. +3 - 1077, by the comparison of a set of 22 solar lines
covering the whole wavelength range with the values tabulated
by Pierce and Breckinridge (1973).

5. Results

In the following, the results for regions of different magnetic
filling factors will be presented. The discussion of the results,
their comparison with those of other investigations and their
interpretation will be deferred to Section 6. In order to judge
the reliability of the results, we first discuss the stability of the
data and their possible impairment by insufficient spatial and/or
temporal averaging and by photometric noise. A preliminary
version of a part of the results had been presented by Brandt
and Solanki (1987).

5.1. Data stability and noise

Temporal and spatial variations of the physical parameters, like
temperature or velocity, due to the granulation or oscillation
patterns are well established facts in solar physics. The FTS
entrance slit of 5 by 25 arcsec? performs a spatial averaging over
approx. 50 granules and several oscillation elements. Additionally,
the integration time of 13.7 min yields a temporal averaging over
approx. one granular lifetime and approx. three cycles of the
oscillation. Which criterion can be used to judge the stability of
the results?

As one criterion one can obviously use the agreement between
the 6 measurements taken on 4 different days at disk centre in
regions with filling factors < 0.02. As can be seen from Table 1,
the typical r.m.s. scatter of the line depth among these 6 spectra
is of the order of 0.005 in units of the continuum. Similarly, but
not shown on Table 1, the r.m.s. scatter values of both the line
halfwidth and the equivalent width range between 0.5% and 1%.
These variations, which contain contributions of solar as well as
of instrumental origin, indicate that apparently the temporal and
spatial averaging performed in each spectrum was sufficient to
obtain a very stable sample.

Also the shapes of the bisectors turn out to be very stable in
this set of disk centre observations. As an example, Fig. 3 shows
the 6 bisectors for the Fel line 15576.1 A shifted relative to each
other such as to coincide in the intermediate range of relative
intensities 0.4 to 0.7. The r.m.s. scatter of the bisector positions in
this intermediate range is ~ 0.08 mA. It increases to ~ 0.17 mA
towards line minimum and to approx. 0.5 mA at relative intensity
0.9. One can easily estimate, what fraction of this scatter is due
to the photometric noise in the measurements. Following the
argument by Brandt and Nesis (1973), the uncertainty of the
position of the line wing 44 can be derived from the uncertainty
of the intensity values 61/I (given by the reciprocal S/N ratio
of the measurement) via the intensity gradient of the line profile
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Fig. 3. Bisectors of the line Fel 15576.1 A observed at disk centre for

filling factors a < 0.02. The 6 bisectors were shifted relative to each other
for best coincidence to show the variations of bisector shape only.

1/I - dI/dJ. Assuming that n independent points are averaged
in order to determine the corresponding section of the line
profile, and keeping in mind that the bisector is calculated as a
wavelength difference from opposite line wings (which increases
the uncertainty by a factor of v/2), one obtains

1V2

A= Ay s Vi ©
Inserting the gradient of the line profile 25576.1 A at relative
intensity 0.9 of 0.0015mA~!, a S/N ratio of 2500, and assuming
an averaging over three measurement points, one obtains 61 ~
0.2mA as an estimate for the r.m.s. wavelength scatter of the
bisector. This means, that about one half of the scatter of the
bisectors in the uppermost part of Fig. 3 is due to the photometric
noise of the measurements and that the other half represents real
variations of solar origin.

5.2. Variation of the line depth

The average line depths for the 6 spectra taken at disk centre
in regions with very small filling factor (¢ < 0.02) are given
in Table 1. It is noteworthy that all our values are approx.
1.7% larger than those in the Jungfraujoch-Atlas (Delbouille et
al., 1973) as given by Dravins et al. (1981) — except for the
value for 15250.2 A, which is 3.7% larger in our sample. The
general difference very probably is due to a different continuum
assignment in the two observations. The larger difference for
15250.2 A, however, may be explained by some slight activity
which was overlooked, when the corresponding section of the
Jungfraujoch-Atlas was recorded. In Fig. 2 it was demonstrated
how sensitively this line’s depth decreases with increasing filling
factor. For a < 0.02 a line depth of 0.751 + 0.009 should be used
for 45250.2 A.

The weakening of medium-strong lines in regions of increased
magnetic field had been observed already more than 20 years
ago in spectra and spectroheliograms of medium to high spatial
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resolution (e.g. Beckers and Schroter, 1968; Chapman and
Sheeley, 1968). While Beckers and Schroter (1968) interpret
these so-called ‘line gaps’ as mainly due to the Zeeman splitting
of lines with large Landé factors, Chapman and Sheeley (1968)
notice that they also occur in lines with small or zero Landé
factors, like 15576.1 A.

Our FTS spectra, which represent a spatial average of 5 by
25 arcsec?, also show a consistent decrease of the line depth with
increasing filling factor for lines with large as well as those with
small or zero Landé factor. The large change of line depth of
approx. —17% for the g=3 line Fel A5250.2A had already been
demonstrated in Fig. 2. For the stronger g=0 line 15576.1A a
change of only —6% is found when « varies from < 0.02 to 0.12.
For the other lines the relative changes of the line depth 4d/d
(in %) for o varying from < 0.02 to 0.12, were determined from

fit parabolae of the type shown in Figure 2. They are listed in
Table 1 for all 32 lines investigated.

5.3. Variation of the line halfwidth

Additionally to the observed line weakening, most lines show
a consistent increase of the full width at half line minimum
(FWHM, abbreviated F) with increasing filling factor. As an
example, Fig. 4 shows the relative change of the FWHM as
a function of the filling factor for the ‘magnetograph line’
152502 A. Between o < 0.02 and 0.12 the FWHM increases by
9.5% for this line. The other Fel lines change by —1.6% to
approx. +14%. Of course, here again part of the increase of the
FWHM is due to the effect of Zeeman splitting. However, if one
estimates the amount of line broadening from the second term
of Eq. (1) in the form

AF_F—FO_ 2 2 2
F, =~ o = X1 ey 4/0 ™

using the x; values derived from the data and taking the other
line parameters from either Table 1 or the table by Stenflo and
Lindegren (1977), one can subtract this magnetic broadening
from the experimental values found in this investigation. In
Fig. 5, the residual values of line broadening found in this
way are plotted as a function of the equivalent width W. The
graph shows a conspicuous trend of the line broadening with W,
with values around or even below zero at small values of the
equivalent width and an increase to values between 5 and 8.5%
for the stronger lines. The ‘magnetograph line’ after correction
for Zeeman broadening shows a change of approximately zero.
Of course, for the three g = 0 lines of the set, no correction
had to be applied. Their halfwidths increase by between 4 and
6% (cf. Table 1), which is consistent with the increases of other
lines in our sample having similar W, after the effect of Zeeman
broadening has been removed.

5.4. Variation of the equivalent width

For each line an average equivalent width (W) was computed
from the 6 disk centre spectra taken in regions of very low
activity (o < 0.02). These average values are listed in Table 1.
If one converts the values to (W)/A, the reduced equivalent
width, and compares them with the values given in the Rowland
Tables (Moore et al., 1966) it turns out that most of our values
consistently are between 10 and 20% larger than the former.
This discrepancy of the Rowland Tables to more modern data is
well known (Griffin, 1969; Balthasar, 1984).

In order to determine the systematic variation of the equiv-
alent width with the filling factor, graphs of the type shown in
Fig. 6 were made and the relative change of the equivalent width
derived from the values of second order polynomial fits at « = 0
and 0.12. The majority of the lines show a marked and systematic
decrease of the equivalent width. In Fig. 7 the result is summa-
rized for all lines of the investigated set by plotting the relative
change of the equivalent width as a function of the equivalent
width in the quiet Sun. Obviously, the weakest lines show the
strongest decrease of the equivalent width with increasing filling
factor. No essential difference can be seen between lines of high
excitation potential (y. > 2.0 eV, squares) and those of low
excitation potential (3, < 2.0 eV, triangles). The only exceptions
are the Fel line 16247.6 A and the Fel line 15506.8 A. The strong
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Fig. 6. Change of the equivalent width of the line Fel 15576.1A as a
function of the magnetic filling factor o.

lines show almost no change in W with «. Therefore for the
strong lines the decrease in area due to the reduced line depth is
compensated almost exactly by the increase in line width.

5.5. Variation of the line asymmetry

In this section only changes of the shape of the line bisectors
will be discussed, while the discussion of possible changes of the
line position will be postponed until the next section.

The change of the shape of the line bisectors between quiet
Sun and plage regions has been studied by several authors,
e.g. Cavallini et al. (1985, 1988), Brandt and Schroter (1984),
Immerschitt and Schroter (1987, 1989). However, in the present
investigation for the first time two features can be studied in
detail: i) whether there is a smooth change of the shape from
small to large filling factors, and ii) to what extent this change
takes place in different lines.

The typical changes of the bisector shapes for four different
lines are shown in Fig. 8a, where full lines represent regions on the
solar disk with very small filling factors (¢ < 0.02) and squares
those with large filling factors (« > 0.08). For complementing the
discussion of Sect. 5.6, the bisector positions were plotted with
reference to the line Mgl 15172.7 A (cf. Sect. 5.6 for details). One
notices the diminished curvature of the “C”—shaped lower parts
of the bisectors of the two medium strong lines 15576.1 A and
16252.6 A, while the ‘magnetograph line’ 15250.2 A indicates a
slightly reversed behaviour and the weak line 15635.8 A shows no
effect at all. Another feature of the bisector change will become
apparent in the analysis presented below.

In order to study the behaviour of the upper and the lower
parts of the bisectors separately, the following definitions are
introduced:

— the wavelength difference between the average of the lowest
three bisector points and the point at relative intensity 0.7
(i.e. Amin — 40.7) is denoted by 4ly;

— the wavelength difference between the bisector points at
relative intensities 0.7 and 0.9 (i.e. 497 — 4g9) is denoted by
Al .

Thus Aly is representative for the lower part of the bisector

and is by definition positive for a C-shaped bisector, while 41,4

represents the upper part of the bisector and usually is negative.

As an example Fig. 9 shows the behaviour of the bisector
shape as a function of o for the line 25576.1 A. The well known
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Fig.7. Change of the equivalent width of all lines of Table 1 between
o < 0.02 and « = 0.12 as a function of the equivalent width. Lines with
%e > 2.0 eV: squares; lines with y, < 2.0 eV triangles.

flattening of the bisector in the lower part shows up clearly by the
smooth decrease of 4y from +4mA for « < 0.02 to &~ 0mA for
a = 0.12. The values of 4y for a < 0.02, called 4iyq, where °q’
stands for ‘quiet’, and those for « = 0.12, denoted Ay, (‘active’),
are given for all lines in the last two columns of Table 1. For
the upper part of the bisector, on the other hand, a small but
significant increase of A4, from —7mA to —8 mA is indicated
for the line 45576.1 A.

For a synoptic presentation of the bisector shape behaviour,
Aldy (circles) and A1, (squares) for a < 0.02 are plotted in
Fig. 10 as a function of the equivalent width of all Fel lines.
The change from o < 0.02 to maximum « is marked by vertical
bars in this graph. The figure confirms the behaviour indicated
in the previous one: most of the medium-strong Fel lines
have a AJy between +4mA and +6mA for « < 0.02 which
decreases to approx. +2 to OmA for a = 0.12, ie. the bisector
straightens considerably in its lower part. This straightening
appears to increase with W, being most pronounced for lines
with W > 100mA. A part of this dependence may be due
to the definition of 4y, which makes it somewhat dependent
on line depth. As a new feature one notices a pronounced
increase of AA,4 for the medium-strong lines with increasing o,
the bisector steepens in its upper part by nearly the same amount,
corresponding to an increased redshift. This behaviour has not
been noticed in previous investigations (e.g. Cavallini et al., 1987;
Immerschitt and Schroter, 1987, 1989), although an indication
is present in the results by Cavallini et al. (1988). This effect
apparently can only be assessed unambiguously by observing
many lines with a high S/N ratio, as was done in this analysis.
It is largest for lines in the range 80 < W < 150mA. Since the
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bisector values between two fixed levels in the intensity scale are
used to parameterise the asymmetry of the upper portion of the
line, this definition should be independent of the line strength.

If one plots the bisector shapes and their changes as a
function of the Landé factor of the lines, as was done in
Fig. 11, one notices that those lines with g values > 2.5 (like the
‘magnetograph’ line 15250.2A) tend to have reduced curvature
in the lower part of the profile and very little change from
o < 0.02 to high «. This effect was observed before by Brandt
and Schroter (1984) and may be caused by contributions of
Zeeman split components from the flux tubes shifted in A due to
the missing blueshift. However, since 15250.2 A is also a relatively
weak line (W ~ 70mA), this effect may simply be due to its W.
Notice that it fits quite well with the other lines in Fig. 10.

A set of 10 Fel lines of similar strength was used by
Livingston (1983, 1987) to investigate possible long term changes
of the bisector shape in integrated sunlight. Because these lines
are also included in the present analysis, we can study their
systematic change with varying filling factor a for regions of
cosf > 0.9 from which an appreciable fraction of the solar
radiation comes, and thus can ‘calibrate’ the bisector change
in terms of a. Fig. 12 shows the mean bisector curvatures in
the lower part (V) and upper part (4) of the line profiles as
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Fig. 11. Change of the bisector shape between a < 0.02 and o = 0.12 as
a function of the Landé factor. Symbols same as in Fig. 10.

a function of a. Our definition of A4 and the one used by
Livingston (1983, 1987) are almost identical and the results,
therefore, well comparable. One notices the conspicuous decrease
of the curvature in the lower part of the line from +5mA to
~ +1mA for a varying between 0 and 0.12, as well as the distinct
increase in curvature in the upper part mentioned earlier.

5.6. Variation of the bisector wavelength position

For a sub-set of 19 Fel lines (cf. Table 1) average bisector
wavelength positions were determined in a way similar to
the one described by Livingston (1983). In each spectrum the
wavelength position of the Mgl line A5 172.7A was determined
by fitting a second order polynomial to the line bottom. From the
difference of this wavelength to the value tabulated by Pierce and
Breckinridge (1973), the velocity correction due to the combined
effect of the earth’s orbital motion, terrestrial rotation and solar
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Table 2. Number of spectra observed at cosf > 0.95 used for
averaging Fel line bisectors within different filling factor classes
(o in %).

range O0<a<l 1<a<4 4<a<8 8=<a<l12

number 8 3 3 3

rotation was computed and applied to the 19 solar lines. The
strong Mgl line was chosen because the granular blue shift is
absent in the core of this line (Pierce and Breckinridge, 1973,
their Fig. 9). In a two step process the bisectors were then
averaged, i) over the sub-set of 19 lines and ii) within groups of
spectra with increasing o, as indicated in Table 2. Thus for the
o < 1% group of spectra 8 times 19, or 152 line bisectors were
averaged, for the other groups 57. The results are shown in Fig.
13. For the following discussion all line shifts were converted
into velocities using the average wavelength for the wavelength
interval. For very small filling factors (¢ < 1%) Fig. 13 shows a
blue shift of ~ 0.35km/s for the intermediate part of the lines
(I/1. = 0.6). With « increasing to < 8% this blue shift decreases
to 0.12 km/s at the same intensity level; in the upper half of the
bisector an increased redshift is seen. A slight increase of the blue
shift is indicated for the three spectra with a > 8%, which may
not be significant, however, taking into consideration the width
of the +1o0 error bars. Some examples of the reduced blueshift
are shown in Fig. 8. However, note that the wavelength difference
at intensity minimum is generally smaller than the values quoted
above.

6. Discussion and simple model calculations

6.1. Line width, line depth, and equivalent width

Our data clearly show an increase in FWHM with increasing
o, even after Zeeman broadening has been compensated for.
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— = 1% <o <4%;

— — —— = a>8%.

Symbols:
...... = 4% < a < 8%;

=0 <1%,;

Therefore, the change in line width, which is largest for the
strongest lines, must be due to the different temperature and/or
velocity structure in active regions.

Can the increased line width be explained by very broad
profiles inside the magnetic elements ? The majority of the lines
in our sample show an increase in width of 4-9% due to non-
magnetic causes when the filling factor increases by approximately
12%. This would require the profiles in the magnetic elements
to be broader than in the quiet Sun by approximately 40%,
contradicting observations of Stokes V profiles which show that
the line widths within magnetic elements are similar to those in
the quiet Sun, if the Zeeman broadening is removed as in Sect.
5.3 (e.g. Solanki and Stenflo, 1984; Solanki, 1986). Consequently,
the present observations can only be explained if the line profiles
in the non-magnetic part of an active region grow broader with
increasing filling factor.

Could the observed increase in line width (4F /F) be a result
of larger velocity fluctuations in the non-magnetic surroundings?
Theoretically we expect the magnetic field to inhibit the convec-
tion (e.g. Gough and Taylor, 1966; Hurlburt and Weiss, 1987)
and theoretical models of magnetic elements assume a decrease
in the strength of the convection in their proximity (e.g. Spruit,
1977; Deinzer et al., 1984a,b; Knolker et al., 1988). The observa-
tional material in the literature often supports this picture. For
example the straightening of the lower half of the bisector in
active regions supports the theoretical view. Although Mattig and
Nesis (1976) find increased r.m.s. fluctuations of the line of sight
velocity in plage regions, a more recent analysis of high spatial
resolution spectrograms by Nesis et al. (1989) contradicts this
result, as do observations by Title et al. (1986, 1989), who find
increased lifetimes as well as decreased horizontal velocities in
active regions — facts which hint at reduced dynamics, including
reduced vertical velocities, in active regions.

However, it is possible to qualitatively explain the observa-
tions with the following scenario: The line broadening velocities
are concentrated into smaller scales, below even the excellent
resolution of the observations of Nesis et al. (1989). If this

is coupled to a decrease in the temperature contrast between
rising and falling blobs of matter then it may also be able to
explain the straightening of the lower part of the line bisector.
Possible support for higher downflow velocities in active regions
is provided by the increased redshift of the upper part of the line
bisector (although this may simply be due to increased weighting
of light from the downflow component as the continuum contrast
between upflow and downflow is reduced).

Another possible explanation is that the line profiles from
the non-magnetic component of an active region are broader
due to increased saturation, produced by a lower temperature. A
cooling of the non-magnetic part of an active region atmosphere
is theoretically expected as a result of the inhibition of convection
and the influx of heat into the magnetic elements (e.g. Spruit,
1977; Deinzer et al., 1984a,b).

The line width is not the only observed parameter. Line
profiles resulting from the correct hypothesis must also reproduce
the observed line depths, equivalent widths and bisectors. Let us
now consider the line depths and equivalent widths.

The weakening of spectral lines in active regions and in the
supergranular network is well known. Thermal weakening in the
hot magnetic component and, for the more Zeeman sensitive
lines, Zeeman splitting are well established as the main causes
(e.g. Chapman and Sheeley, 1968; Harvey and Livingston, 1969;
Harvey et al., 1972; Frazier and Stenflo, 1978; Schiissler and
Solanki, 1988) and are also supported by our observations. The
decrease in equivalent width with filling factor can be considered
to be primarily a result of the decrease in line depth, but is
smaller since the effect of the latter is partially offset by the
increase in line width, particularly for strong lines.

It is always possible to find some combination of broad-
ening velocities and fluxtube temperature which reproduces the
observed line profiles. However, the temperature within the mag-
netic elements is not completely unknown. We have a fairly
good idea of what the line profiles formed within flux tubes
look like. This greatly restricts the freedom of choice of velocity
fluctuations. However, we do not consider the case for increased
line broadening velocity further and turn now to the other, more
interesting, proposal.

We have tested whether the observed trends of the line
parameters can be qualitatively reproduced by a lower temper-
ature in the non-magnetic component of an active region as
compared to the quiet Sun. A number of hypothetical Fel lines
with different equivalent widths were calculated, using a Stokes
radiative transfer code (Solanki, 1987b) based on the technique
described by Beckers (1969), for a simple two-component model
of an active region. The magnetic component is simply taken
to be represented by the network model of Solanki (1986) with
the line broadening velocity chosen such that the widths of the
observed Stokes V profiles are reproduced. For the non-magnetic
atmosphere we initially chose a series of models with T(t) par-
allel to that of the HSRA. All the models were cooler than
the HSRA. The line profiles were calculated along a single ray
in each component and then weighted according to the filling
factors of the two components before being summed to give the
average active region Stokes I profile. No combination of filling
factor and temperature was found, which could reproduce the
observations.

However, if a non-magnetic atmosphere with a flatter tem-
perature stratification is chosen, then it is possible to obtain good
qualitative agreement with the data, namely the decrease in line
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depth and equivalent width (mainly for weaker lines) and the
increase in line width (mainly for stronger lines).

Whether the smaller temperature gradient in the non-
magnetic atmosphere is a real effect is arguable, since magnetic
elements expand with height and are hotter than the quiet Sun.
Any model not taking this expansion into account will show a
too small T(z) gradient. Only extensive 2-D models will be able
to decide how strong this effect is.

It appears, according to this model, that in the lower part of
the photosphere, where the line wings and flanks are formed, the
average temperature in the non-magnetic part of an active region
is lower by approximately 50 to 100 K than in the quiet Sun.
This is in excellent agreement with the continuum intensity of
0.9 times the quiet Sun intensity found by Schiissler and Solanki
(1988) for the non-magnetic component of an active region. In
the upper photosphere, the model predicts that the non-magnetic
atmospheric component becomes warmer than the quiet Sun, but
this result appears considerably less trustworthy (see previous
paragraph).

Note, that if we were to neglect the difference in thermal
structure between the quiet Sun and the non-magnetic component
of a plage and were then to derive the temperature of the
magnetic component from low spatial resolution Stokes I profile
observations, then the above results suggest that we would obtain
a sharp rise in the temperature difference between magnetic
component and the quiet Sun with height. This appears to be
a promising way of reconciling models of magnetic elements
derived from low resolution Stokes I profiles (e.g. Chapman,
1979; Walton, 1987) and from Stokes V profiles (e.g. Solanki,
1986; Keller, 1989; Keller et al., 1989). See also the more extended
discussion on this topic by Solanki (1989).

The second explanation, i.e. a decrease in temperature of the
lower part of the non-magnetic atmosphere in active regions,
fits both current theoretical ideas (cool ring around flux tubes;
cf. Spruit, 1977; Deinzer et al., 1984a,b; Knolker and Schiissler,
1988) and other observations (e.g. Schiissler and Solanki, 1988)
better than the first explanation. Therefore, although we cannot
discount the first explanation, we feel that the second is to be
preferred.

6.2. Line bisectors

In agreement with the data published in the literature (e.g.
Livingston, 1982, 1983; Kaisig and Schroter, 1983; Miller et al.,
1984; Cavallini et al., 1985, 1988; Immerschitt and Schroter,
1989; Keil et al.,, 1989) we observe a straightening of the lower
part of the bisector of lines with a sizeable line depth (d > 0.7
in the quiet Sun) as the filling factor increases. However, we,
for the first time, also present reliable evidence for the fact that
for many lines the upper part of the line bisector steepens (i.e.
becomes more horizontal) so that the part of the line near the
continuum is redshifted compared to the quiet Sun.

Three empirical models have so far been proposed to explain
changes in line bisectors caused by the magnetic field (Miller
et al, 1984; Cavallini et al, 1987; Immerschitt and Schréter,
1989). In the following we briefly discuss the promising model
of Immerschitt and Schroter (1989) and how it may apply to
our observations. They assume three components for an active
region: fluxtubes with no stationary flow, a bright upflowing non-
magnetic component, and a dark downflowing non-magnetic
component. As they increase the area factor of the fluxtube
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component, they decrease the area factor of the upflowing
component proportionally. With this simple model they can
explain their observations of changes in the line bisector and
other line parameters of Fel A5576.1 4 with increasing Call-K
flux. Since they do not change the velocities in the non-
magnetic components, a direct interpretation of their model is
unphysical. It does not conserve mass in active regions. However,
if we interpret the changes in their ‘area factors’ of the non-
magnetic parts mainly as changes in continuum brightness (which
cannot be easily distinguished from area factors in low spatial
resolution observations, e.g. Schiissler and Solanki, 1988), then
their model appears a promising way of explaining changes
in line bisectors with increasing o. A decreased continuum
contrast between the up- and downflowing non-magnetic parts
of an active region is exactly what is expected from “abnormal
granulation” as observed in the vicinity of filigree by e.g. Dunn
and Zirker (1973) and near magnetic fields by e.g. Ramsey et al.
(1977). A decrease in continuum contrast, i.e. in the temperature
fluctuations, also implies a decrease in the absolute brightness of
the non-magnetic component, in agreement with the results of
the model calculations described in Sect. 6.1. Note, that due to
the high continuum intensity of the magnetic elements (Schiissler
and Solanki, 1988), the total intensity of the active region need
not decrease with increasing magnetic filling factor. Our data and
simple model calculations together with the model calculations
of Immerschitt and Schroter (1989) suggest that the decrease in
contrast of the abnormal granulation is not just due to a filling
up of the intergranular lanes with magnetic elements, but also
due to the decrease in the absolute brightness of the granule
centres.

The large redshift of the upper parts of the bisectors may be
due to the presence of sizeable downflows in the non-magnetic
part of the active regions, over and above the usual granular
downflow, perhaps as a result of “baroclinic” cells, adjacent to
flux tubes, produced by the inflow of radiation into the magnetic
elements (Deinzer et al., 1984a,b; Knolker et al., 1988). However,
the redshifts of the upper part of the bisectors could also be
an effect of the increased weighting of the granular downflow
component due to the decrease in the contrast between the
upflow and downflow components.

Can the observations of cycle dependent bisector variations
of the Sun observed ‘as a star’ be explained by the effect of
plages? An estimate of the order of magnitude of bisector change
shows that the global magnetic filling factor must change by
at least 0.005, a substantial fraction of the global filling factor,
in order to cause the bisector curvature to decrease by approx.
0.3mA, the value found by Livingston (1983, 1987).

An interesting possibility is to search for bisector changes
due to magnetic activity on late type stars. Since some stars may
easily have the filling factors and field strengths found in solar
active regions, when averaged over their whole visible surface
(e.g. Robinson et al., 1980; Marcy, 1984; Gray, 1984; Saar and
Linsky, 1985; Saar, 1987; Mathys and Solanki, 1989), it should
be possible to observe such changes, despite the lower S/N ratios
and generally lower spectral resolution (4/44 < 100000) of stellar
observations. Our results suggest that strong lines are most likely
to show an observable effect, with Fel A5576.1A being a good
candidate, although not the only promising line.

6.3. Wavelength shift

The determination of absolute bisector wavelength positions
and shifts is a very difficult observational task, because it
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requires an extremely reliable absolute wavelength scale, accurate
positioning on the Sun, and moreover, if the measurements are
performed away from disk centre, the elimination of the unknown
horizontal velocity component of the supergranulation. The
method described in Sect. 5.6 (first introduced by Livingston,
1983) avoids most of these difficulties, makes use of the accurate
wavelength scale of the FTS, and, due to averaging over many
lines, reduces the errors to < +0.06km/s. The amount of
blue shift of 0.35 km/s found here for medium-strong lines in
regions of small filling factors is in excellent agreement with
the results by Pierce and Breckinridge (1973) and Dravins et
al. (1981), but disagrees with the recent findings by Keil et al.
(1989), who find no shift of the line core at all. Here we show
the systematic reduction of this blue shift to < 0.1km/s with
the filling factor « increasing to > 0.08. Howard (1971, 1972)
interpreted this reduced blue shift in his Doppler compensator
velocity measurements as large scale downward flows in active
regions — leaving open the question of where this mass comes
from. Similarly, the very large scale velocity features of 20 to 40
m/s amplitude described by Howard (1979) may be attributed to
the influence of slight magnetic activity (x of a few %) creating
a line shift. Instead of explaining the latter experimental findings
by large scale vertical or horizontal transport of material, one
should search for the origin of this effect in a modification of the
intensity-velocity correlation of the convective pattern in active
regions. Both the reduced intensity contrast of the “abnormal
granulation” (Edmonds, 1960; Dunn and Zirker, 1973) and the
reduced dynamics (Title et al., 1986, 1989; Nesis et al., 1989) in
these regions of non-zero filling factors contribute to a reduction
of the blue shift as measured here.

7. Conclusion

We have presented the results of an analysis of high quality FTS
spectra, obtained in facular regions near solar disk centre, having
different amounts of magnetic flux or, equivalently, different
filling factors, a. The line parameters (depth, width, equivalent
width, wavelength, bisector shape) of 32 spectral lines and their
variation with o have been studied. Besides the well established
decrease of line depth and equivalent width with increasing o (e.g.
Sheeley, 1967; Stenflo and Harvey, 1985), we have also found
evidence for an increased line width. In contrast to the line depth,
which is reduced mainly for weak lines, it is the stronger lines
which exhibit the largest increase in line width. Since the line
profiles formed within the magnetic elements are not significantly
broader than in the quiet Sun (e.g. Solanki, 1986), the profiles
formed in the non-magnetic surroundings of magnetic elements
must instead be broadened. The line bisectors have been observed
to evolve steadily with increasing «. In accordance with previous
studies (e.g. Cavallini et al., 1985; Immerschitt and Schréter,
1989) we have found the lower part of the bisector to straighten
with increasing «. However, unlike previous authors we have also
observed that the upper part of the line bisector of many lines
becomes more horizontal and redshifted. Finally, the blueshift of
the line cores decreases slightly with increasing «. In this respect
our observations agree with those of Cavallini et al. (1985) and
Immerschitt and Schroter (1989), but contradict those of Kaisig
and Schroter (1983) and Keil et al. (1989).

We have attempted to qualitatively understand the conse-
quences of our observations with the help of simple model
calculations and by comparison with models published in the

literature, mainly those of Immerschitt and Schroter (1989). Con-
sider a model with three components of which one component,
representing the hot magnetic flux tubes, is fixed by observations
of Stokes V profiles (cf. Solanki, 1989, for a review of proper-
ties of flux tubes). Then our observations can be qualitatively
explained by the following changes (with respect to the quiet
Sun) in the components representing the up- and downflowing
non-magnetic components. The bisector changes imply mainly a
reduction in the continuum contrast between the upflowing and
the downflowing non-magnetic material, although an increase in
the downflow velocities in the vicinity of flux tubes, as suggested
by the calculations of Deinzer et al. (1984a,b), cannot be ruled
out. In white light images or in filtergrams the granulation giving
rise to the distorted bisectors will appear “abnormal” (Dunn and
Zirker, 1974; Ramsey et al., 1977). In addition, the observed com-
bination of decreased line depths and equivalent widths (mainly
for weaker lines) and increased line widths (mainly for stronger
lines), in our opinion, requires the temperature in the lower
photosphere, averaged over both the non-magnetic components,
to be 50-100 K lower than in the quiet Sun for a filling factor of
10-20%. This is in good agreement with the empirical results of
Schiissler and Solanki (1988) and with theoretical model calcula-
tions (Spruit, 1977; Deinzer et al., 1984a,b; Knolker et al., 1987;
Grossmann-Doerth et al., 1989). Such a temperature reduction
is also a natural outcome of the reduced granular continuum
contrast, due to energy conservation. We can therefore rule out
the idea that the abnormal granulation is mainly the result of
the dark intergranular lanes of normal granulation being filled
by bright magnetic elements. We find that the properties of the
convective cells themselves change considerably in the vicinity of
magnetic features.
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