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ABSTRACT. A series of 17 Fourier transform spectra taken at the McMath telescope near disk center
in regions of different magnetic field strengths were analyzed. Applying a multi-variate regression
analysis magnetic filling factors 0 < a < 0.11 were determined. With a increasing from 0 to 0.11, line
bisectors averaged over groups of lines of similar depth are found to show a blue shift decreasing
from 0.35 km s~to nearly 0.1 km s~!, when referred to the Mgl line A5172.7A. The bisectors of Fell
lines exhibit smaller blue shifts than Fel lines. The increase of bisector red shift near the continuum
with increasing a, found earlier by Brandt and Solanki (1987), was confirmed and is tentatively
interpreted as a manifestation of downdrafts in the vicinity of flux tubes (Deinzer et al., 1984).

A significant increase of line width (typically between 3 and 8%, depending on line strength) and
a decrease of line depth is found with increasing filling factor. For strong lines the equivalent width
W shows no variation or a slight increase, while for the weaker lines a reduction of W between a
few % and > 10% is found.

1. Introduction

The asymmetries and wavelength shifts of solar line profiles have been known for over 30 years
(e.g. Schroter, 1957; for a summary cf. Dravins, 1982). They are usually attributed to the
brightness-velocity correlation of the granulation. The “C”-shaped line asymmetry can be observed
in spectrograms of high spatial resolution (Keil and Yackovich, 1981; Kavetsky and O’Mara, 1984;
Mattig et al., 1989) as well as — to a lesser degree — in spectra representing spatial averages (e.g.
Adam et al., 1976; Dravins et al., 1981; Brandt and Schroter, 1982). The Sun observed “as a star”
also exhibits this line asymmetry (Livingston, 1982) and thus provides a “Rosetta stone” for the
indirect observation of surface convection on stars (cf. Gray, 1982; Dravins, 1987a, 1987b).

The influence of magnetic fields on solar and stellar convection is of basic astrophysical interest
and has been studied theoretically (cf. reviews by e.g. Nordlund, 1986; Hughes and Proctor, 1988)
and observationally (e.g. Mattig and Nesis, 1976; Livingston, 1982, 1983; Kaisig and Schroter, 1983;
Brandt and Schroter, 1984; Miller et al., 1984; Title et al., 1986, 1989; Immerschitt and Schroter,
1987, 1989; Cavallini et al, 1985, 1988; Brandt and Solanki, 1989). Many of these investigations
are based on the difference of the “C” shape and wavelength shift between quiet and active regions
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on the Sun (‘plages’) and show as a result some straightening of the line bisectors and a slightly
reduced blue shift in active regions which is interpreted as an indication of reduced dynamics in
these areas. We present an analysis of Fourier transform spectrometer observations, which comprises
a quantitative determination of the magnetic filling factors of the observed regions as well as a
treatment of a large set of Fel and Fell lines.

2. Observations and Data Evaluation

For the analysis a set of 17 Fourier transform spectra were selected. They were observed in June
1984 at the McMath solar telescope in regions of varying magnetic activity and quiet Sun regions
near disk center (cos > 0.95) with a slit of 5 by 25 arcsec?. The observed wavelength range was
AX5050 — 6650 A with a resolution of 180 000 and a S/N ratio of 2000 to 3000. An integration time
of 13.7 min was used in order to average over several periods of the 5 min oscillation.

Continuum values were determined by parabolic fits through the highest intensity points in 75 A
sections of the spectra and for ease of treatment the data were Fourier interpolated to wavenumber
steps of 0.00656 cm~! (3 mA - 1.7 mA in wavelength). The magnetic filling factors a were estimated
with the method developed by Stenflo and Lindegren (1977). This method is based on a multi-variate
regression analysis of a line parameter (like line width or depth of the unpolarized profile) sensitive
to Zeeman splitting. An average line weakening of 0.7, a continuum contrast of 1.4 and a magnetic
field strength of 1500 G was assumed for the magnetic elements (for details cf. Stenflo and Lindegren,
1977; Brandt and Solanki, 1987, 1989). Using 182 unblended Fel lines in each spectrum, magnetic
filling factors a ranging from 0.00 to 0.11 were obtained for the 17 spectra.

For further analysis 187 Fel lines and 23 Fell lines were selected from the list given by Solanki
and Stenflo (1985). They fulfilled the conditions of having no blends and line depths > 0.1. For
each of these lines the position and residual intensity of the line minimum, the full width at half line
depth ‘FWHM., the equivalent width ‘W’ (by integration up to the nearest blend in the red and blue
wing), and the bisector shape (between line minimum and I/I, = 0.92) were determined.

3. Results
3.1 LINE BISECTORS: ASYMMETRIES AND SHIFTS

For the specification of the shape of the line bisectors in the lower and upper part the following
definitions were used: the wavelength difference (Amin — Ao.7) between line minimum and I/I, = 0.7
was denoted Ay, while correspondingly (Ao.7 — Ao.9) was denoted AAa. Fig. 1 shows a plot of these
wavelength differences averaged over the group of 38 of the strongest Fel lines (line depths between
0.7 and 0.9 I/I,) as a function of the filling factor. The systematic decrease of Aly in the lower part
of the bisector and the increase from -2.2 mA to &~ —5mA in the upper part can be seen clearly. The
groups of the weaker lines show essentially the same behaviour somewhat less pronouncedly, due to
the smaller range of heights of formation of these lines.

The wavelength positions of bisectors were determined with reference to the core of the Mgl
line A5172.7 A, which is supposed to show negligible granular blue shift (cf. Pierce and Breckinridge,
1973). The bisector positions were averaged in a two step process: 1* groups of lines of similar
depths were averaged in each spectrum, and 2"¢ these averages were again averaged for spectra
grouped according to increasing a. The results are shown in Fig. 2a-c for two groups of Fel lines
and one group of Fell lines.

For the strongest Fel lines a consistent decrease of the blue shift of the bisectors with increasing
a from about 0.35 km s~!at half the line depth to nearly 0.1 km s~! for a between 0.04 and 0.08 with
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Fig.1: Wavelength differences in the lower part (V = Apin — Ao.7) and upper part
(A = Aoz — Agg) of bisectors averaged over 38 Fel lines of depths between 0.7 and

0.9 I/I..
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Fig. 2a-c: Average bisectors for groups of different line depths. a) 38 Fel
lines of 0.7 < d < 0.9; b) 73 Fel lines of 0.5 < d < 0.7; ¢) 3 Fell lines of
05 < d < 0.7. Additionally the bisectors are averaged over several spectra
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a slight increase for higher values of a is found. The Fell bisectors show blueshifts that are smaller

by about 0.15 km s,

3.2 LINE HALFWIDTHS

In plots similar to Fig. 1 for each line second order polynomials were fitted into the variation of its
FWHM with a, and the relative change between a = 0 and a = 0.11 was determined. For the group
of the 38 strongest Fel lines (0.7 < d < 0.9) there is a consistent increase of the FWHM of 5 to
10%. Here the Zeeman broadening was not subtracted. But this will be done in a future analysis.
This is not mainly an effect of Zeeman broadening, which is demonstrated by the fact that the 3 Fel
lines with g=0 (A 5576.1 A, A 5434.5 A, A 5123.7 A) show a broadening of between 4 and 6%. The
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weaker lines increase their FWHM to a lesser extent: the group of 0.5 < d < 07 between 3 and 8%,
the group of 0.3 < d < 0.5 between 0 and 6%, and the weakest lines between 0 and 5%. Lines with
excitation potential x, > 3 eV tend to exhibit smaller increases of the FWHM.

3.3 LINE DEPTHS

With a increasing from 0 to 0.11 all lines exhibit a significant decrease of the line depth, i.e. the lines
become shallower. For the strongest lines (0.7 < d < 0.9) this decrease ranges between 5 and > 10%,
and reaches values between 7 and =~ 17% for the weaker lines. Here the lines of low excitation
potential (x, < 3 eV) show a significantly stronger decrease of d than those of high x,. The Fell
lines consistently have a smaller decrease of line depth than the corresponding Fel lines of similar
strength.

3.4 EQUIVALENT WIDTHS

Fig. 3a,b shows the variation of the equivalent width W with a increasing from 0 to 0.11 as a function
of the equivalent width itself. While the strongest lines show no change at all or a slight increase of
W, the medium-strong lines show a reduction between a few % and 10%. The strongest decrease of
W (AW /W = 13%) is seen for the weakest lines, especially those of low excitation potential (x. < 3

eV).
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Fig. 3ab: Changes of the equivalent widths between a = 0 and a = 0.11 as
function of the equivalent width W at a = 0. a) 76 lines of depth d< 0.5; b) 111
lines of depth d> 0.5. Symbols: O x, <2eV; A2<x, <3eV; x3<x. <4eV;
* Xe > 4 eV.

4. Discussion and Conclusion

The gradually reduced blue shift of the line bisectors seen in active regions of increasing filling
factor @ can be interpreted in terms of a reduced vertical velocity component of the granular velocity
field, possibly coupled to a modified intensity contrast. This would agree well with spectroscopic
observations of reduced rms velocities in active regions (Nesis et al., 1989), which are indirectly
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confirmed by the observation of Title et al. (1986, 1989) of increased granular lifetimes and smaller
horizontal proper motion velocities of granules in active regions, both facts hinting at reduced
dynamics. On the other hand, since no net flow velocities in fluxtubes could be detected hitherto
(Solanki, 1986), the increase of the redshift of the uppermost bisector part with increasing a, already
described by Brandt and Solanki (1987), may be due to increased downward velocities in the
immediate vicinity of flux tubes, as postulated from model calculations by Deinzer et al. (1984).
Also the broadening of most lines, especially of the g=0 lines not affected by Zeeman broadening, in
active regions seems to indicate increased “macro-turbulence”, rather than a reduced velocity field.
Only detailed model calculations, taking into consideration a realistic fluxtube model and a modified
structure of the convection outside the fluxtubes can help to understand the riddle. The observations
presented here try to establish reliable reference data to which the results of such model calculations
can be compared.
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