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Abstract. We present speckle observations of small-scale magnetic structures on the Sun. They were obtained
with the “Gottingen” Fabry-Perot interferometer (FPI) in the Vacuum Tower Telescope at the Observatorio del
Teide, Tenerife, from quiet and active regions close to disc center. A Stokes V polarimeter was added to the FPI
to measure V profiles in the Fel 6302.5 A line. The setup allows image reconstruction with speckle methods. The
achieved spatial resolution in the magnetograms is 0”'4-0"5. We describe the observational technique and the data
reduction. The results from small-scale magnetic flux elements in a very quiet region, in an active region with
pores and abnormal granulation, and in a sunspot with its surroundings are discussed. In the quiet Sun, granular
dynamics dominate the time evolution of the magnetic elements. Flux occurs in both bright intergranular points
and in dark intergranular spaces. Likewise, with the present spatial resolution, no preference of magnetic flux in
abnormal granulation in an active region can be found. Flux occurs in both bright (abnormal) small-scale granules
and in the darker spaces in between them. The small sunspot studied has very little magnetic flux in its ambient
quiet regions, especially no strong, conspicuous concentrations of returned flux, i.e. of flux with polarity opposite
to that in the sunspot.
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1. Introduction

Magnetic fields are important constituents of the solar at-
mosphere on all scales. Their interaction with the solar
plasma causes the magnetic heating of the chromosphere
and the corona and is responsible for all processes of activ-
ity from the low photosphere to the solar wind. The inves-
tigation of magnetic fields on the Sun is thus a main topic
of solar research. Here, we shall concentrate on small-scale
structures.

The existence of small-scale magnetic flux tubes is
known since more than three decades. E.g. Beckers &
Schroter (1968) have found “magnetic knots” in the neigh-
bourhood of sunspots as well as in quiet regions of the
Sun. From the line ratio method, i.e. the use of two spec-
tral lines which differ in their properties only by their
Landé factor, Stenflo (1973) could conclude on the ex-
istence of kilo-Gauss fields with a small fill factor in
the observed area. The size of the magnetic structures
should be at the lower spatial resolution limit of today’s
telescopes or even smaller (see also the monograph by
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Stenflo 1994). Keller & von der Lithe (1992) could show
from speckle polarimetry that small magnetic structures
of 0”2 size, or smaller, do indeed exist. A study on weak,
small flux structures in quiet regions was undertaken by
Stolpe & Kneer (2000) with spectro-polarimetry and with
an image scanner of the Gregory Coudé Telescope at the
Observatorio del Teide/Tenerife. Likewise, Sigwarth et al.
(1999) used an image scanning device and polarimeter,
the Advanced Stokes Polarimeter at Sacramento Peak
Observatory /New Mexico/USA, to study the properties
of small magnetic elements. (The reader is referred to this
work of Sigwarth et al. for much recent literature.) We also
mention the efforts by, among others, Steiner et al. (1998)
and Grossmann-Doerth et al. (1998) to model with nu-
merical simulations the temporal evolution of small-scale
magnetic elements.

Ground-based observations of solar finestructure suffer
unavoidably from seeing effects. Recently, many efforts are
undertaken worldwide to implement Adaptive Optics in
solar telescopes to correct for seeing effects directly during
the observations, and recent successes demonstrate its fu-
ture feasibility. Meanwhile, image restoration techniques,
to be applied after the observations, are well established.
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Fig. 1. Optical scheme of the two-dimensional spectrometer. F: primary focus of the VI'T; F’: secondary focus where the field
stop is located; BS: beam splitter cube; VP: Stokes V' polarimeter; L: lenses; IF: interference filters; NF: neutral filter; CCD1 and
CCD2: slow-scan CCDs at the foci of the broad-band and the narrow-band channels, respectively; FPI1 and FPI2: Fabry-Perot

interferometers

As mentioned, Keller & von der Lithe (1992) have used
broad-band speckle polarimetry to measure the circularly
polarized light components (I + V) and (I — V) at
one spectral position in a magnetically sensitive line. This
method cannot study the wavelength dependence of the
Stokes vector across a spectral line and draw conclusions
on the underlying physical processes from profile parame-
ters such as, e.g., asymmetries, Doppler shifts, intensities,
and saturation of the Stokes V' profiles.

To exploit the information contained in the pro-
files of magnetically sensitive spectral lines, we used our
“Gottingen” two-dimensional Fabry-Perot spectrometer
with a Stokes V' polarimeter. The spectrometer scans
along wavelength and gives narrow-band images across
spectral lines. This allows to apply image reconstruction
techniques and to substantially reduce the deteriorations
by seeing (see e.g. Krieg et al. 1998, 1999).

The following Sect. 2 describes the observational tech-
nique, Sect. 3 the observations for this contribution.
Section 4 outlines the data analysis. In Sect. 5 we present
and discuss several results from quiet and active regions.
In this work, we wish to describe, along specific results, the
progress in small-scale polarimetry. A detailed discussion
of the rich information must be deferred to a forthcoming
contribution. Section 6 concludes the paper.

2. Observational technique

The “Gottingen” Fabry-Perot interferometer (FPI) de-
vice is described in Bendlin et al. (1992), Bendlin (1993),
and Bendlin & Volkmer (1995). It is mounted in the
Vacuum Tower Telescope (VI'T) at the Observatorio del
Teide/Tenerife. Here, we outline shortly the principle and
the improvements which have been applied in the last
years. A throughout description is given by Koschinsky
(2001).

Figure 1 shows the scheme of the spectrometer, with-
out the rather complex computer control and data aquisi-
tion systems. The Sun is imaged in the prime focus F of the
VTT. From there the image is transferred to a field stop at

the secondary focus F’ at the entrance of the spectrometer.
In front of F/ a beam splitter cube BS takes out approx-
imately 5% of the light to a further focus corresponding
to F’/. There broad-band images are taken with a CCD
(CCD1) through an interference filter IF1 of 50-100 A
FWHM, centered at the appropriate wavelength, and a
neutral filter NF. Directly after the field stop in the spec-
trometer a Stokes V' polarimeter VP was mounted for the
present purposes. It was already used in earlier investi-
gations by Volkmer (1995) and Volkmer et al. (1995). It
consists of a A\/4 retarder plate and two crossed calcites
giving a separation of the left and right circularly polarized
beams 1 (I+V) and (I—V) of 4.1 mm, adapted to the size
of the CCDs. The polarimeter is followed by an appropri-
ate interference filter IF2 of 3-10 A FWHM for order sort-
ing of the transmission peaks of the FPIs. F’ is re-imaged
1:1 onto CCD2 which takes the narrow-band images. Both
(slow-scan) CCDs have Thompson TH 7863 FT chips with
384 x 286 pixels. The image scale is 0’ 1/pixel and the field
of view — with the polarimeter — is 16”74 x 27”2.

The two FPIs are mounted in the parallel beam near
the image of the telescope’s entrance pupil. This mounting
is different from the telecentric mounting used in TESOS,
another FPI spectrometer at the VI'T (Kentischer et al.
1998) and in the IPM at THEMIS (Cavallini 1998). It has
certain advantages such as no “orange peel” pattern in the
image which arises from tiny flatness errors of the etalons.
FPI1 is a Queensgate etalon ET 100 with 50 mm aperture,
125 p spacing (£ few u for wavelength scanning), and a
finesse F =~ 40. FPI1 has replaced the originally mounted
universal birefringent filter (UBF) for further order sort-
ing. This replacement has increased the transmission of
the spectrometer by a factor of 5, at least. The narrow-
band FPI2 is from Burleigh Instruments Ltd. and has an
aperture of 35 mm, variable spacing from few 100 p to
several mm, and a finesse F = 30. To avoid reflexes on
CCD2 arising from reflections between the two FPIs, FPI1
is slightly inclined against the optical axis. This reduces
somewhat its finesse to F = 35. The wavelength scanning
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is done by computer controlled changes of the spacings of
the etalons by means of Piezo elements.

The broad- and narrow-band images are taken strictly
simultaneously, which is important for image restoration
(see below). The increase of the overall transmission of the
spectrometer in replacing the UBF by FPI1 was a substan-
tial improvement: (1) it allowed to dismount the formerly
installed image amplifier in front of CCD2 and thus to in-
crease the detective quantum efficiency; (2) the exposure
times for the narrow-band images could be decreased and
are now approximately 10-20 ms for observation without
polarimeter and 20-30 ms with the V polarimeter. This
allows the application of speckle interferometry for image
reconstruction.

Further equipment (not shown in Fig. 1, but see
Koschinsky 2001) concerns a laser beam for finesse ad-
justment and a beam with continuum light from a halogen
lamp.

3. Observations

The observations for the present investigation were ob-
tained in October 1999 under very good seeing condi-
tions (Fried parameter 1o = 13—14 cm) with the above
“Gottingen” two-dimensional spectrometer, including the
V polarimeter, in the VTT. Several regions were selected.
On October 22, 1999, a short time series of wavelength
scans of the Fel 6302.5 A line (Landé factor g = 2.5)
were taken from a very quiet region close to disc cen-
ter for purposes of calibration and tests of the software
for data analysis. Yet these observations show some inter-
esting features on small-scale magnetic elements and on
the limitations of the present setup (Sect. 5.1). On the
same October 22 a bipolar active region (NOAA 8738) at
cos = 0.97 was observed with several wavelength scans,
also in FeI 6302.5 A. It contained some pores and abnor-
mal granulation as well as a small sunspot. A FWHM of
66 mA of the spectrometer was chosen in order to reduce
noise by collecting “many” photons. The exposure time
was 20 ms. We thus, by using a rather broad spectral
profile compared to high resolution spectrographs and by
applying short exposure times, sacrifice on spectral pu-
rity, on purpose. We aim at high spatial resolution via
image restoration. For this one has to make compromises
between exposure time, spectral resolution, and noise.

A spacing of 27 mA between adjacent wavelength posi-
tions was chosen for the spectral scans. With the narrow-
band channel 5 images at each of 28 wavelength positions
were taken which gives a wavelength coverage of approxi-
mately 730 mA.

One wavelength scan takes 39 s, and further 35 s are
needed for the storage of the image data onto hard discs.
Thus, the separation of two scans amounts to 74 s. These
time scales are of concern for fast small-scale processes on
the Sun. We will improve the apparatus with substantially
faster CCDs and computers.

Further scans had to be taken for the data reduction:
dark frames, flat field scans with defocussed telescope, and
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scans with the continuum source. The defocussing of the
telescope for the flat fields causes a change of illumina-
tion of the spectrometer and of the detectors. We found
this effect always negligible, e.g. by comparing average line
profiles from the quiet Sun and from the flat fields. The de-
focussed images contain also the information on the noise,
which is needed for the data analysis. For many other
observations, flat fields are taken with moving pointing
of the telescope during exposure. The difficulty and the
drawback with this method are that in a rapid sequence
with exposure times of 20-30 ms the image motion (from
the varying pointing) must be fast such that structures on
the Sun are fully smoothed.

Figure 2 demonstrates the change of Stokes I and V
profiles when an Airy FPI transmission function of 66 mA
FWHM is applied. The solar FeI 6302.5 A line was taken
from the Fourier Transform Spectrometer Atlas by Brault
& Neckel (1987). In Fig. 2b, a magnetic flux density of
0.1 T (= 1000 Gauss), parallel to the line of sight and
independent of height was assumed to separate the ob-
served I profile into the circularly polarized components
(I +V)x and 3(I — V),. This procedure assumes also
that the magnetic and non-magnetic atmospheres possess
equal thermal structure. Various fill factors for the mag-
netic relative to the non-magnetic area were applied.

It is seen that the I and V profiles change noticeably.
Comparison with magnetic flux tube models or with nu-
merical simulations of flux tube dynamics should apply
the same convolution with Airy’s function to the pre-
dicted profiles. In Fig. 2c we show the dependence of the
Stokes V' amplitude (left ordinate, upper straight lines)
and of the separation of the circularly polarized line pro-
files (right ordinate, lower curves) on the area fill factor.
The amplitudes and line separations are directly propor-
tional to the magnetic flux (or fill factor) in the resolution
element (weak field limit). While the amplitudes depend
on the spectral resolution, the line separations do not. At
low area fill factors, in the range of 0.01-0.02, the sep-
arations amount to 1-2 mA (= 20 Gauss average field
strength) and their determination becomes inaccurate. In
these cases, the errors compared to the expected values
amount to 30%.

4. Data analysis
4.1. Pre-analysis

First, certain data processings were applied, some of which
are of special need for FPI spectro-polarimetric data.
Average dark frames were subtracted. Fluctuations of
the sky transparency are obtained from the broad-band
images. The gain tables of the CCDs were obtained from
the flat field scans. They depend, for the narrow-band
channel, somewhat on the wavelength position of the FPI
transmission curves. Thus each wavelength setting needs
its own gain table for CCD2. Yet, this dependence on
the wavelength setting is small, such that flat field frames
from two adjacent wavelength positions could be averaged.
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Fig. 2. Effects of broadening on Stokes I and V profiles of
FeI6302.5 A by convolution with a FPI Airy function of 66 mA
FWHM. a) Stokes I profiles after convolution (solid) and the
original profile (dashed) taken from the FTS atlas by Brault &
Neckel (1987); dotted: Airy’s FPI function. b) Stokes V profiles
after convolution (solid) and without convolution (dashed). A
constant magnetic field of 0.1 T along the line of sight and
various area fill factors are adopted. The fill factors are, with
decreasing amplitude of V: 1.0, 0.5, 0.2, 0.1, 0.05 (see text).
c) Upper two lines: dependence of the V amplitude on the
fill factor for the convolved V (solid) and original (dashed)
profiles; lower lines: dependence of the separation of the centers
of gravity of the 3(I+V) and % (I — V) profiles on the area fill
factor for the convolved (solid) and original (dashed) profiles.
The dotted line gives the expected separation of the centers of
gravity

This reduces (photon) noise introduced by the flat fielding.
To keep the wavelength dependence of the solar spectrum
during the correction processes, each gain table of CCD2
was normalized to an average value of 1.

Since FPI1 is inclined against the optical axis the
transmission of the spectrometer varies across the field of
view. In addition, the two FPIs do not scan the wavelength
exactly in parallel which changes slightly this dependence
of transmission with wavelength. Both the dependence of
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transmission over the field of view and its variation with
wavelength are retrieved from the flat field scans.

Next, one must be aware that the wavelengths with
the highest spectrometer transmission vary also across the
field of view, due to the mounting of the FPIs in the par-
allel beam.

Image motion was taken out by correlating the broad-
band images. This reduces the fields of view by few arc-
seconds, depending on seeing. The same corrections as
determined from the broad-band images apply to the
narrow-band images. Small displacements of the narrow-
band against broad-band images due to not exact align-
ment and thermal drifts are measured again from cor-
relations between narrow-band images in the continuum
spectral range and the broad-band images.

Furthermore, for image reconstruction with speckle
methods, i.e. removal of seeing effects within isoplanatic
patches, the frames were divided into partly overlapping
sub-fields of 64 x 64 pixel each (= 6”4 x 6”4). At the end,
these sub-fields were recombined again to full images.

4.2. Speckle reconstruction

Broad-band images. While the two-dimensional spectrom-
eter scans over a Fraunhofer line, CCD1 takes 140 im-
ages in integrated light. These are used for image restora-
tion with well established speckle methods (e.g. de Boer
et al. 1992; de Boer 1996; Wilken et al. 1997). The spec-
tral ratio method (von der Lithe 1984) gives estimates
of the amplitude correction factors (in Fourier space).
During this processing, the seeing parameter a = r¢/D
(ro = Fried parameter, D = telescope aperture = 70 cm)
is calculated. The (Fourier) phases are reliably obtained
with the speckle masking method (Weigelt 1977; Weigelt
& Wirnitzer 1983; Lohmann et al. 1983).

Narrow-band images. The spectrometric images,
i.e. sub-images, are reconstructed following Keller &
von der Lithe (1992) and as described by Krieg et al.
(1999). In principle, given the reconstructed, “true”
broad-band object Oy (in Fourier space, with * denot-
ing estimates) and the broad-band images Iy, ; observed at
time [, one can retrieve the instantaneous optical transfer
functions \S;, which hold also for the simultaneously taken
narrow-band images I, ;. After re-ordering and summation
over the 5 images taken at each wavelength position (see
Krieg et al. 1999) one obtains an estimate of the narrow-
band object On

A Zz In,l]fs,l A
n — ~ 1+ o Vb
> ol?

Here, a (real) noise filter H is introduced. We have tested
optimum filters (Brault & White 1971; Lofdahl 1996;
Krieg et al. 1999). With some experience we found it eas-
ier and without noticeable change of the results to imple-
ment filters which are equal to 1 up to a certain horizon-
tal wavenumber (independent of azimuth) and then drop
quickly to 0. In the results of the small-scale polarimetry

(1)
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presented below, this cutoff wavenumber corresponds to
typically 0”4, which is thus the spatial resolution limit of
our reconstructed small-band images near line center.

Certainly, the quality of the reconstructed images, i.e.
the spatial resolution, depends on the instantaneous seeing
conditions prevailing during the exposures at each wave-
length position. To eliminate such effects one could apply
the filters from the worst seeing conditions to all spec-
tral positions. This, however would suppress the informa-
tion obtained from the observations with the best seeing.
A better choice is to smooth the V) profiles along wave-
length if needed.

4.3. Instrumental polarization

For polarimetry one has to consider instrumental polar-
ization. We are mainly interested in the Stokes V' compo-
nent. After passing through the telescope and the spectro-
polarimeter it is changed to

Vy = MyiIy + MysQx + MygUy + MV, (2)

where Myq ... My are the elements in the last row of the
Mueller matrix.

For small-scale magnetic elements the Stokes ) and U
components are small, at the 1073 level of the continuum
intensity I., even close to the solar limb. This is due to
the partly cancellation of linearly polarized signals from
expanding flux tubes and to the squared dependence of
the @ and U profiles on the magnetic flux density (cf.
Landi degl’'Innocenti 1992; Sigwarth et al. 1999). We thus
can neglect the (Q/U) — V cross talk. (This is no longer
correct, of course, when performing polarimetry of regions
with strong magnetic fields perpendicular to the line of
sight and with large fill factors as for instance in sunspot
penumbrae.)

After Capitani et al. (1989) the element My, is typi-
cally of the order 0.9 for coelostat systems as the VTT.
We do not correct for it, since we have no better measure.
It remains to determine the I — V crosstalk, i.e. the el-
ement My;. There should be no true solar V' component
from non-magnetic areas on the Sun. Then, Eq. (2) reads

3)

M,; can be determined from the flat field and the
quiet Sun observations. Taking averages over sub-areas
of 77 x 10” we obtained offsets in the range V| =
(0.4...1.0)1072 I, and a “noise” amplitude of §V =
0.51072 I. (peak to peak). Both the offsets and the noise
pattern persisted from scan to scan but varied from area
to area within the field of view. Presumably, they result
from the difference of the optical path, including the differ-
ent detector areas, of the two circularly polarized beams
in the apparatus and from interferences. We can reduce
these effects by subtracting the offsets and the fixed pat-
tern noise, similarly as in the second-order flat fielding
introduced by Sédnchez Almeida & Martinez Pillet (1994).
We then arrive at a lower detection limit, dominated by

Vi = Myl,.
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photon noise, for the V amplitude of 1072 I, in a 3 x 3 pixel
area (=220 x 220 km?). This smoothing over 3 x 3 pixels
lowers the noise, but still preserves the spatial resolution.
The Stokes V' profiles presented below have been treated
with such an area averaging.

On the other hand, we found no wavelength depen-
dent VY, expected from Eq. (3), above the detection limit
of approximately 21073 I, in the spatially averaged quiet
Sun observations (outside obvious magnetic structures).
We conclude that the I — V cross talk My, is below this
value in the present observations.

The Q/U/V — I cross talk can be of concern again
when dealing with strong magnetic fields and large fill-
ing factors as in sunspots. The spectral lines I, can
then become contaminated with asymmetry caused by the
crosstalk. Below, we shall therefore refrain from discussing
such asymmetries observed in sunspots.

As mentioned, the mounting of the FPIs in the parallel
beams has the following effect: the wavelength for which
the FPIs have highest transmittance depends on the po-
sition within the field of view. This means that the solar
spectrum is shifted from one point to the other. Since
our V polarimeter separates the beams for %(I + V) and
2(I — V) they can be considered as stemming from two
separated fields of view. In consequence, the spectra of
corresponding image points in (I + V), and $(I — V),
are shifted against each other. This has been corrected for
by carefully re-shifting the spectra by means of the profiles
in the flat field and quiet Sun observations.

4.4. Magnetic flux

Observed Stokes I and V' profiles can be used for com-
parison with model predictions, i.e. from numerical sim-
ulations of flux tube structure and dynamics. And one
may apply inversion techniques to obtain physical param-
eters such as the runs of temperature, velocity, and mag-
netic field strength with height in the atmosphere (e.g.
Bellot Rubio et al. 1997). We shall present V) measure-
ments which may be used for such purposes in cases where
the signal to noise ratio is sufficiently large. (The corre-
sponding I profiles will not be shown.)

A fast method to obtain maps of magnetic flux, that
is of its component along the line of sight, is the center
of gravity (COG) method by Semel (1967) and Rees &
Semel (1979). This measures simply the wavelength sepa-
ration of the COGs of the (I + V), and (I — V), pro-
files. Obviously and as seen from Fig. 2¢, the separation
is not dependent on the spectral resolution. In addition,
the COG method gives fluxes in each pixel for the average
performance of image reconstruction, i.e. for the average
seeing conditions during a spectral scan. The best images
from one scan bring the wavelength separation toward the
direction of best spatial resolution. There is thus no need
to reduce, by filtering, all images to the lowest resolution.
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5. Results and discussion

The data analysis has given us a wealth of information on
small-scale magnetic structures of the Sun. Here, we can
present only part of the results. A broader discussion of,
e.g., profile asymmetries and relationships between inten-
sity, velocity, and magnetic fields at high spatial resolution
is prepared for a forthcoming contribution.

5.1. Quiet region near disc center

Figure 3 shows four maps obtained from the quiet Sun ob-
servations: the speckle reconstructed integrated light im-
age, the line of sight component of the magnetic flux in the
0”71 x 0’1 pixels, the continuum intensity, and the line cen-
ter intensity. The rms fluctuation of the magnetic flux is
at approximately 0.22 102 Wb. We thus adopt a detection
limit of |®| = 0.510% Wb (= 20).

The areas marked by rectangles in Fig. 3 contain the
most significant magnetic flux. We notice a bow of mag-
netic features from the area close to the right border to-
wards upper left. It is also seen in the line center image and
remained visible during the 5 min of this short time series.
Presumably, it represents weak network. Apart from that,
the field of view appears very non-active, as is also seen in
the magnetogram of this day from NSO at Kitt Peak. The
strongest flux in the field of view corresponds to a mag-
netic fieldstrength, averaged over one pixel, of 31072 T.

The maximum of the flux (per pixel) of the magnetic
element at the lower left corner in Fig. 3 strengthened dur-
ing the 5 min sequence by a factor of 1.5. Its counterpart
in the integrated light image is a photospheric bright point
which was “compressed” by nearby growing granules.

We present in Fig. 4 again the magnetogram and the
speckle reconstructed image of this sub-area and in addi-
tion its velocity map. The latter was obtained from the
COG of the Stokes I profile. We adopted the COG po-
sition averaged over the total field of view as zero ve-
locity. The velocities contain both granular and oscilla-
tory motions. Future analysis should disentangle the two
contributions via filtering of time sequences longer than
the one used here (cf. Espagnet et al. 1995). The mag-
netic structure is elongated and consists possibly of two
flux tubes, or two bundles of flux tubes. It is located at a
strong intergranular downdraft. In fact, the fastest down-
flow of 1.2 kms~! in this sub-field occured close to the
magnetic structure, but not exactly in it. From the posi-
tion of the zero crossing of the V' profile, which gives the
velocity of the magnetized plasma, one obtains a down-
flow of 1.5+ 0.5 kms~!. Possibly, one witnesses here in a
snapshot a convective intensification of flux tubes as, e.g.,
demonstrated with numerical simulations by Steiner et al.
(1998) and Grossmann-Doerth et al. (1998).

The flux region at the right border of Fig. 3 shows
substructure, and we use this area for the discussion of
temporal evolution. Figure 5 shows a short time sequence
of it together with its “non-magnetic” surroundings. The
maps are separated in time by 74 s, start is at the top.
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0.0
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Fig. 3. Maps of a quiet Sun disc center area: speckle recon-
structed integrated light image (upper left), magnetic flux
along the line of sight from COG (upper right), continuum
image from the narrow-band channel (lower left), and line cen-
ter intensity (lower right). The tickmarks are at 1" distance,
the field of view is 12”5 x 23”1. The bar at the bottom gives
the scaling of the magnetic flux per pixel (071 x 071) in 108 Wb
for the magnetic field map

The left images are the speckle reconstructions from inte-
grated light, the right images represent the magnetic flux.
The images are overlaid with Stokes V' profiles centered
at the pixels from which they were obtained.

The maximum V amplitudes amount to 0.025 .. By
means of Fig. 2, we can approximately correct for the
limited spectral resolution of the FPI setup and estimate
maximum amplitudes of 0.05 I.
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Fig. 4. Magnetic map (left), speckle reconstructed integrated
light image (middle), and velocity from the COG method
(right) of the magnetic flux region at the lower left corner of
Fig. 3; bar at bottom: velocity in kms™" with bright indicating
upward flow. Tickmarks are at 0”5 distance

We must interpret Fig. 5 with caution, since the spa-
tial resolution of the magnetograms is 0”4, at best, and
their noise poses a lower detection limit for the flux. The
positive magnetic flux (magnetic field towards observer)
is mostly located above small-scale “white light” features.
These are the three bright “points” to the right of the ex-
ploding granule and evolving from the second time step on.
However, positive flux is also detected above areas which
are inconspicuous in white light or even clearly darker
than average. This is seen e.g. from the V profiles marked
by rectangles in the third time step. Just to the left of
these two positions, at the border of the exploding gran-
ule and just at the detection limit, negative flux becomes
visible. Possibly, convective re-shuffling of magnetic flux is
at work. The whole evolution appears dominated by the
dynamics of the exploding granule. A sort of bow of the
magnetic structure develops by the intrusion of the gran-
ular material. The latter itself does not carry detectable
flux. Roudier et al. (1994) have drawn similar conclusions
from the temporal evolution of photospheric bright points.

5.2. Active region: Pores and abnormal granulation

We present in Fig. 6 a speckle reconstructed, integrated
light image (left) together with its magnetogram of an
active region with small, not fully developed pores. The
images are again overlaid with V profiles, which are well
defined this time. The maximum measured V amplitudes
outside pores amount to 0.08 .. We may again correct
this value for the limited spectral resolution by means of
Fig. 2. One thus obtains V' amplitudes of 0.16 /.

Most of the magnetic flux in this area is negative, i.e.
the field is directed away from the observer. The maxi-
mum field strength from the COG method is found in the
pore located in the central upper part of the field of view
and amounts to 0.08 T. This is substantially smaller than
the value of approximately 0.2 T given by e.g. Siitterlin
(1996, Fig. 23, 1998). The reason for the low value found
here comes likely from the scattered light produced in the
Earth’s atmosphere and in the telescope. We took not
special care of it for these observations. False light from
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Fig. 5. Time series (top to bottom, separation of 74 s) of mag-
netic flux evolution (region at right border of Fig. 3). Left col-
umn: speckle reconstructed images; right column: flux maps;
bar at bottom: magnetic flux (in one pixel), unit 108 Wb. The
images are overlaid with the Stokes V' profiles centered at the
pixels from which they were obtained. The length of the ver-
tical bar at the lower right corner indicates a V amplitude
of 0.05 I.. Tickmarks are at 1” distance. See the text for the
rectangles

outside the pores introduces an unshifted profile and thus
can largely reduce the field strength measured with the
COG method. We tentatively adopt that, with a fill fac-
tor of 1 and for strong fields of 0.2 T the amplitude of the
Stokes V profile of the Fe I 6302 line is saturated and that
therefore the separation of the V' extrema gives the field
strength. (A Zeeman splitting of the I profile is hardly
detectable and not reliable in view of the spectral resolu-
tion of 66 mA.) We then arrive at a maximum of 0.21 T
in the largest pore in the upper part of Fig. 6. We have
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Fig. 6. Speckle reconstructed image (left) and magnetic flux
map (right, from COG) of active region near disc center. The
images are overlaid with the Stokes V profiles centered at the
pixels from which they were obtained. The length of the ver-
tical bar at the lower right corner indicates a V' amplitude of
0.2 I.. Tickmarks are at 1" distance. Bar at bottom: scaling of
magnetic flux in 10®> Wb

tested such a magnetic field measurement using 0.2 T, in-
stead of 0.1 T, in the model for Fig. 2. The separation
of the V extrema returns the field strength within 2.5%
accuracy. The convolution of the V profiles with the pro-
file of the spectrometer (Airy’s function) adds an error
of only 3%. A further justification for this measurement
of field strength comes from model calculations by Amer
& Kneer (1993) of the Fel 6173.3 A line which has the
same Landé factor g = 2.5 as the 6302.5 A line, although
it is somewhat weaker than the latter. At magnetic field
strengths > 0.15T the extrema of the V profile do not
increase any more with field strength, but separate.

Much of the field of view of Fig. 6 is covered with ab-
normal granulation which contains magnetic flux. It is now
important to know whether the flux is located in the bright
abnormal granulation features or in the darker spaces in
between them. Likewise, the relation between magnetic
flux and line center intensity, i.e. essentially the tempera-
ture structure in medium to high photospheric layers, is of
interest. Figure 7, then, gives scatter plots of magnetic flux
vs. granulation intensity and vs. line center intensity. For
these, only areas of abnormal granulation were selected,
data from pores are not included.

Firstly, we notice that there exists no detectable cor-
relation between magnetic flux and abnormal granular in-
tensity, although the magnetogram in Fig. 6 does show
structure. There may be several reasons for this negative
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Fig. 7. a) Magnetic flux (in each pixel) vs. white light inten-
sity in selected areas with anomalous granulation (SP on the
abscissa indicates speckle reconstructed image). b) Magnetic
flux vs. line center intensity (LC on the abscissa). The inten-
sities are relative to the mean intensities of the selected areas.
The lower detection limit for flux is 0.5 10% Wb

finding;:

(1) The magnetic field is located in both bright “granules”
and darker spaces in between the granules and is essen-
tially equally strong in both features;

(2) The magnetic field is located preferentially in either
bright or dark features but has merged at atmospheric
heights from which the signal for the magnetic flux is ob-
tained;

(3) Close inspection of some areas with small bright points
shows that they contain substantially less magnetic flux
than expected for abnormal granulation. Thus, small-scale
bright features, or conglomorates of them, in white light
pictures do often, but not necessarily indicate magnetic
flux. It was already noted by Keller & von der Liihe (1992)
that small-scale magnetic flux elements do not correlate
with small-scale brightenings in integrated light;

(4) The spatial resolution is not yet sufficient to find ex-
actly the locations of magnetic flux.

Observations with still higher spatial resolution and
with magnetically sensitive lines formed at low atmo-
spheric heights are needed to come to a clearer conclusion.

Secondly, the line center intensities are well correlated
with the magnetic flux, as known from many investiga-
tions. The stronger the flux the higher is the temperature
in high atmospheric layers.

A word on the V asymmetry appears appropriate.
Close inspection of the V profiles in Fig. 6 shows that
these are sometimes strongly asymmetric and occasion-
ally exhibit two lobes on one side of the wavelength axis.
This is already seen in the magnetic flux features of the
quiet Sun, Fig. 5. Q/U — V cross talk is unlikely to pro-
duce such abnormal V' profiles, although we cannot fully
exclude it. The amplitudes of the @ and U profiles are
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usually found to be an order of magnitude smaller than
those of the V' profiles, especially near disc center (e.g.
Sigwarth et al. 1999; Sdnchez Almeida & Lites 2000).

Séanchez Almeida (1997) and Sénchez Almeida &
Lites (2000) have interpreted the abnormal V' profiles
with the MISMA hypothesis (MIcro-Structured Magnetic
Atmosphere). MISMAs contain flows and bundles of opti-
cally thin flux tubes with 10 km diameter, or less, and with
both polarities. Their substructure cannot be resolved, in
principle. Grossmann-Doerth et al. (2000) can explain the
anomalies by special flow situations in magnetic canopies.
However, the V' amplitudes observed in these latter works
are well below 102 I.., below our detection limit. Possibly,
the high spatial resolution achieved here allows to isolate
such dynamic flux tubes, or bundles of flux tubes, with
large fill factors. Yet further work on the analysis of the
present data (classification, smoothing, averaging, deter-
mination of cross talk) is needed. This will be pursued in
a further investigation.

5.3. Active region: Small sunspot

Figure 8, finally, gives images from the small sunspot in
the same active region as the pores and the abnormal gran-
ulation above. We show the speckle reconstruction of the
integrated light observations, the magnetogram, the con-
tinuum image and the line center image. The maximum
magnetic field strength in the umbra was 0.09 T, again
a very low value for sunspots. And again, the reason for
this low value is in the false light which reduces the field
strength as measured with the COG method. As above,
for the field strength in the pores, we obtain from the sep-
aration of the extrema of the V profile a maximum field
strength of 0.233 T.

It is noteworthy that the surrounding of the sunspot
contains flux only at very few places, with preferentially
the same polarity. Most of the ambient quiet area does
not posses detectable flux. The granular pattern is normal,
and the line center image does not exhibit brightenings, in
most parts, to be related with magnetic fields. Returned
magnetic flux elements, i.e. with polarity opposite to that
of the sunspot, are not conspicuous.

Most of the outer penumbral magnetic filaments in the
magnetogram are related to dark filaments. There, the flux
component towards the observer seems to be larger than in
the bright penumbral points. But, upon close inspection,
one can also find few bright filaments with enhanced flux.
However, as mentioned above (4.3, instrumental polariza-
tion), the measurements of polarized light from a penum-
bra have to be interpreted with caution due to the possible
Q/U — V instrumental cross talk. A further discussion of
the sunspot results has thus to await measurements of this
cross talk. Also, the velocities in the penumbral filaments
will be of interest. Such an investigation of the penumbra
dynamics at small scales, as in our data, is beyond the
scope of this paper, and we refer to the review by Wiehr
(1999, see also many references therein).
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Fig. 8. Speckle reconstructed image (upper left), magnetic flux
map (upper right, from COG), continuum intensity (lower left),
and line center intensity (lower right) of small sunspot near disc
center. Tickmarks are at 1” distance. Bar at bottom: scaling of
magnetic flux in 10% Wb. The intensities of the sunspot were
enhanced to show its internal small-scale structure

6. Conclusion

We have demonstrated the high potential of two-
dimensional spectro-polarimetry in combination with
methods of speckle reconstruction. The computational
load for image reduction is large, however not unsur-
mountable with today’s and future computer facilities.
With these methods of observation and data treatment,
it was possible to arrive at high spatial resolution and to
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enter the realms of small-scale magnetic field dynamics
by direct observation. The results presented above can be
compared with polarized radiation expected from numer-
ical models, of course only after adequate smoothing of
the simulated data to the spatial and spectral resolution
of the observations.

The work and the results above represent a further
step towards the physics of solar finestructure. The next
steps will be to observe longer time sequences with higher
spatial and spectral resolution. The instrumental improve-
ments for this purpose (faster computers, narrower band-
widths) are underway. Modern detector technology will
also allow faster cadences of exposures during wavelength
scans, thus will allow to take more images per wavelength
scan and to reduce the photon noise.

To arrive at substantially higher spatial and spectral
resolution than achieved here telescopes with larger aper-
ture than the VTIT are needed. There exist well devel-
oped plans for a 1.5 m Gregorian solar telescope at the
Observatorio del Teide. This will possibly give, at higher
spatial resolution than the VTT, larger fill factors, thus
stronger signals at small scales. A Gregorian telescope
is also much less sensitive to instrumental cross talk of
the components of the Stokes vector than a coelostat sys-
tem as the VI'T. Further improvement could come from
a polarimetric device like the Zurich Imaging Polarimeter
(ZIMPOL, Keller et al. 1992). This has the advantage of
using exactly the same optical paths and detector areas
for the various polarized light beams, which leads to high
polarimetric accuracy. Finally, in the near future, one will
take profit from Adaptive Optics. Even then, image re-
construction will still be necessary since Adaptive Optics
should not be expected to fully correct for the seeing ef-
fects in large fields of view. But the reconstruction process
will certainly be much eased with high quality input data.
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