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ABSTRACT

High resolution 2D-spectro-polarimetric observations have been used to analyse the magnetic field and flow topologies of a penumbral con-
nection between two opposite polarity solar pores. A filamentary structured Evershed-like material flow from one pore to the other along the
magnetic field lines has been detected. The flow channels are co-spatial with bright penumbral filaments close to the pore which feeds the flow
and the clear brightness-velocity relation vanishes close to the pore which represents the sink of the flow. The boundary between umbra and
penumbra of the two pores show significant differences: bright comet-like penumbral grains represent endings of penumbral filaments at the
flow sources whereas no such grains were found at the sinks of the flow. Furthermore, a systematic variation of the asymmetries of measured
Stokes V profiles across the penumbral connection have been found. The obtained results are in accordance with the widely-accepted uncombed
penumbra hypothesis and the moving flux tube model.
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1. Introduction

Sunspots reveal a variety of visual structures and magnetic field
topologies, ranging from unipolar singular pores to complex
spot groups including opposite polarities even within the same
penumbral surrounding (δ-spots). Opposite polarities are also
often observable in adjacent pores. Frequently, pores are sur-
rounded by a more or less rudimentary penumbra. The for-
mation processes and the dynamics of penumbral structures
are still a matter of debate and many details remain unclear
or contradictory. (A recent overview about the knowledge of
sunspots and a detailed list of references has been given by
Solanki 2003).

Penumbrae are characterised by a pattern of bright and dark
fibrils which are usually oriented parallel to the radius vector
of the spots. Sütterlin (2001) pointed out that penumbral fibrils
have a preferred width of about 250 km. Recent observations
(Scharmer et al. 2002; Rouppe van der Voort et al. 2004), how-
ever, suggest that the width of these fibrils is 100 km or even
less. The magnetic field topology in sunspot penumbrae is be-
lieved to exhibit an “uncombed” structure (see e.g. Degenhardt
& Wiehr 1991; Schmidt et al. 1992; Solanki & Montavon 1993;
Martínez Pillet 2000; Bellot Rubio et al. 2004), i.e. almost hor-
izontal magnetic flux tubes are embedded in an environment of
inclined field lines. An alternative model has been presented by
Sánchez Almeida (1998): based on the measured broad band

circular polarisation, he provides evidence that the magnetic
fields may fluctuate on scales between 1 and 15 km.

An important dynamical phenomenon appearing in sunspot
penumbrae is the Evershed flow, i.e. an outward directed
motion detectable by Doppler shifts in out-of-disk-centre
sunspots. According to Title et al. (1993) and Bellot Rubio
et al. (2004) the bulk of the Evershed motion is located in the
horizontal flux tube component of the penumbra. Less accor-
dance has been achieved so far in the relation of the magnetic
field and flow topologies with the penumbral intensity pattern.
Several authors (Schmidt et al. 1992; Wiehr 2000; Westendorp
Plaza 2001) have found that dark filaments correspond to the
more horizontal field component and it has been stated (e.g.
Schröter 1965; Stellmacher & Wiehr 1971; Title et al. 1993;
Shine et al. 1994; Rimmele 1995a; among others) that the
Evershed flow is associated with these dark penumbral fila-
ments. Beckers & Schröter (1969), Abdussamatov (1976) and
Wiehr (2000) have measured an increased field strength in the
dark filaments. However, other studies have pointed out devia-
tions from this picture: e.g. Wiehr & Stellmacher (1989), Lites
et al. (1990), and Hirzberger & Kneer (2001) could not con-
firm a clear correlation between the flow velocity and the in-
tensity pattern. Hofmann et al. (1994) found no correlation of
the fluctuations of the field strength with the intensity fluctua-
tions and Westendorp Plaza et al. (2001) have estimated higher
field strengths in regions of hotter gas.
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From a theoretical point of view the Evershed flow might be
explained by a siphon model (Meyer & Schmidt 1968; Thomas
1988; Montesinos & Thomas 1993, 1997). A numerical simu-
lation of flow channels has been presented by Schlichenmaier
et al. (1998). In this model the flow is concentrated within
thin flux tubes which rise vertically from the solar interior in
the inner penumbra and bend to become almost horizontal in
the visible photosphere. At the position where the flux tubes
bend, bright inward-moving penumbral grains should be visi-
ble. The inward motion of these penumbral grains, located in
the inner penumbra, is in good agreement with observational
results (Muller 1973; Tönjes & Wöhl 1982; Sobotka et al.
1999; Sobotka & Sütterlin 2001). Vertical upflows at the in-
ner penumbra have been measured by e.g. Johannesson (1993),
Rimmele (1995a,b) and Hirzberger & Kneer (2001).

The moving flux tube model of Schlichenmaier et al. (1998)
is in good agreement with the uncombed penumbra model of
Solanki & Montavon (1993) if the flux tubes are considered
to be embedded in a homogeneous more vertically orientated
background field. This agreement has been demonstrated by
observations (Schlichenmaier & Collados 2002) as well as by
inversions (Borrero et al. 2004) and model simulations (Müller
et al. 2002) of Stokes profiles. Particularly, Stokes V pro-
files show a systematic variation of their shapes which can be
adequately explained by two- or more-component uncombed
penumbra models. Usually the appearance of asymmetrical
Stokes profiles has been explained by the so-called crossover
effect (see e.g. Grigorjev & Katz 1972; Sánchez Almeida &
Lites 1992). This effect is based on a simultaneous occurrence
of gradients in field inclination and flow velocity, e.g. due to
insufficient spatial resolution.

This paper analyses the structure of a penumbral connec-
tion between two solar pores by means of two-dimensional
(2D) spectro-polarimetric observations. Common properties as
well as different features of this structure, compared to “ordi-
nary” sunspot penumbrae, will be outlined. After a description
of the observations and data reduction procedures (Sect. 2) the
magnetic field and flow structure of the miscellaneous white
light phenomena will be discussed (Sect. 3). In Sect. 4 conclu-
sions in the scope of various model assumptions will be drawn.

2. Observations and data reduction

The data were obtained on June 21, 2004 with the “Göttingen”
Fabry-Pérot Interferometer (Bendlin et al. 1992; Koschinsky
et al. 2001) which is installed at the German Vacuum Tower
Telescope on Tenerife, Canary Islands. A Stokes V polarimeter
(see Volkmer 1995) consisting of a λ/4 retarder plate and two
crossed calcites was installed in front of the narrow band cam-
era. This device effects a spatial separation of left and right
circularly polarised beams (I + V)/2 and (I − V)/2 on the
CCD array. We have obtained a time series of narrow band
scans across the Fe i 6301.5 Å and the Fe i 6302.5 Å lines. Each
scan consists of 50 wavelength positions (24 positions at the
Fe i 6301.5 Å line and 26 positions around the Fe i 6302.5 Å
line, including a terrestrial oxygen line blend) separated by
∆λ = 26.47 mÅ and 3 images at each position have been stored.

Fig. 1. Speckle reconstructed broad band image (left panel) of the ob-
served solar region. The middle and right panels exhibit line-of-sight
Doppler velocities, vLOS (positive values denote blueshifts) and mag-
netic field strengths, BLOS, obtained from the centres of gravity of the
Fe i 6301.5 Å line. White contours mark the magnetic neutral lines.
Tickmarks are at 0.′′5 distance.

The filter width was set to 44 mÅ (FWHM) and the time sepa-
ration between subsequent is 51.6 s.

Simultaneously with the narrow band scans, bursts of broad
band filtergrams around 6302 Å± 50 Å) were obtained. All the
data were carefully corrected for dark currents and flat fields
and the narrow band scans were additionally corrected for the
transmission curve of a narrow band interference filter which
was installed in front of the Fabry-Pérots. Broad band data were
reconstructed for the influences of the Earth’s atmosphere us-
ing speckle interferometric techniques (de Boer 1993) based on
the speckle masking and spectral ratio methods (von der Lühe
1984; Weigelt 1977). Narrow band data were reconstructed by
using the optical transfer functions of the atmosphere as ob-
tained from the simultaneously-recorded broad band data (see
Krieg et al. 1999).

The time series of reconstructed broad band images was
carefully aligned and destretched by using a correlation track-
ing code as presented in Yi & Molowny Horas (1992). The ob-
tained global shifts and distortions were also used to align the
narrow band data. The final step was the application of a sub-
sonic filter (see Title et al. 1989) with a cut-off phase velocity
of 5 km s−1 to both broad band as well as narrow band data in
order to remove contributions of five-minute-oscillations. We
obtained a 24 min long time series of 28 broad band images
and 2D-spectra with sizes of 120 × 210 pixels. The size of one
pixel corresponds to 0.′′1 on the solar disk.

Figure 1 shows one of the final broad band images (in-
tensities in units of the mean photospheric intensity, Iphot) to-
gether with the simultaneous Dopplergram (line-of-sight flow
velocities, vLOS) and the magnetic field map (line-of-sight field
strengths, BLOS) as obtained from the Fe i 6301.5 Å line. The
Doppler shifts and field strengths were obtained by comput-
ing the centres of gravity (see e.g. Semel 1967) of the mea-
sured Stokes I + V and I − V profiles. Stokes V profiles were
extracted by a subtraction of the I + V and I − V compo-
nents (see Sect. 3.4). In order to improve the polarimetric
accuracy a second order flat fielding procedure according to
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Fig. 2. Original-size speckle reconstructed broad band image showing
the entire penumbral region around the two pores of our FOV. The
large box borders the subfields shown in Fig. 1 (narrow band data),
the upper small box is cospatial with the righthand panels of Fig. 3,
and the lower box defines the lefthand panels of Fig. 3 and the cutouts
in Fig. 5. The white arrow points towards disk centre. Tickmarks are
at 1′′ distance.

Sánchez Almeida & Martínez Pillet (1994) was applied. A de-
tailed description of the calculation of these parameters is given
in Stangl & Hirzberger (2005). The zero reference point of
the Doppler maps was defined by averaging the Doppler shifts
in the darkest regions (I < 0.5Iphot) of the lower pore in our
field of view (FOV). Since we do not expect an angular res-
olution better than 0.′′3 the Doppler and magnetic field maps
were smoothed by 3×3 pixels. The (rms) noise levels in the re-
sulting vLOS and BLOS maps have been estimated from the cor-
responding power spectra and are approximately 50 m s−1 and
70 G, respectively. However, instrumental polarisation effects
(Q,U → V crosstalk) may considerably influence the magnetic
field measurements. From comparable observations performed
by Bello Gonzalez (2004) these effects were estimated as ap-
proximately 20%.

In our FOV two pores connected by a penumbral structure
are visible. The pores are located just beside a mature sunspot
(NOAA 0634) at a heliocentric angle of cos θ = 0.87. The
direction towards this sunspot is along the negative y-axis in
Fig. 1. The direction towards the disk centre is marked by the
white arrow in Fig. 2.

3. Results

3.1. General properties

From SOHO/MDI magnetograms it can be found that the
lower pore in Fig. 1 (hereafter “pore 1”) has the same mag-
netic polarity as the neighbouring large spot whereas the upper
one (hereafter “pore 2”) shows the opposite magnetic polar-
ity. From our data we obtain maximum field strengths (using
the Fe i 6301.5 Å line) of approximately 1240 G in pore 1 and
about −1290 G in pore 2. These values are rather low, which
might be due to the following reasons: (i) since we have ob-
tained only three narrow band images per spectral position
the noise in the reconstructed data is rather high, particularly

in the dark umbrae where the intensity is low; (ii) the data
are not corrected for stray light, which might reduce the mea-
sured magnetic field strengths; (iii) the penumbral structures
are orientated almost perpendicularly to the solar radius vec-
tor; additionally the pores are almost 30◦ out of disk centre.
Therefore, the measured line-of-sight component of the field
vector BLOS = |B| cos θLOS, where θLOS denotes the field incli-
nation to the line of sight, might be significantly lower than the
actual field strength |B|; (iv) instrumental polarisation effects
may lead to an underestimation of the field strengths.

The measured Doppler velocities are in good accordance
with the granular intensity pattern in the quiet region above
pore 2 (see Fig. 1). We use a sign convention so that positive
velocities denote blueshifts and negative values correspond to
redshifts. To the right-hand side of pore 1 the broad band image
shows a disturbed granular pattern. In the Doppler map, how-
ever, indications for a cellular pattern are barely visible in this
region. This holds for the entire 24 min time series. Since this
region is in between the pores and the nearby large spot both the
flows and the intensity pattern might be modified by magnetic
fields. Positive field strengths in this region are clearly visible
in the magnetic field maps whereas in the quiet granular region
above pore 2 the field strengths do not exceed the noise level
of our data (cf. Fig. 1). A significant modification of the flow
structure has been reported by Hirzberger (2003) for a region
close to a rudimentary penumbra of a large pore.

The penumbral connection between the two pores in the
FOV shows a pronounced filamentary structure also in the
flow maps. In the lower part of the penumbral connection
the Doppler maps are characterised by mainly upward veloc-
ities with a tendency to increase with increasing brightness
of the penumbral filaments. In the upper part of the struc-
ture both upflows and downflows are visible. The separation
between upward and downward motions is well defined by
the magnetic neutral line. The line-of-sight velocities in the
penumbral connection are approximately within the intervals
−3.1 km s−1 < vLOS < 2.9 km s−1 for the Fe i 6301.5 Å line
and −4.4 km s−1 < vLOS < 3.4 km s−1 for the Fe i 6302.5 Å
line. The above outlined findings might be interpreted as an
Evershed-like material flow parallel to the magnetic field lines
from pore 1 to pore 2.

Further penumbral structures appear in our FOV on both
sides of the penumbral connection between the pores (see
Fig. 2). These penumbrae are partially rooted in the lower pore.
The outer boundaries of these structures are located outside of
the FOV of the narrow band images. In the original-size broad
band images several micropores embedded in granular regions
can be seen there. In the small part visible in the narrow band
images the penumbral filaments are almost perpendicularly ori-
entated to the solar radius vector, so that the line-of-sight flow
velocities are rather low there.

3.2. Fine structure of the flow geometry

Usually the term “Evershed flow” is assigned to a flow field
which is directed more or less horizontally outward in a sunspot
penumbra. Close to the umbral boundary of pore 2 this flow
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Fig. 3. Enlarged subfields of one the broad band images (upper panels)
and corresponding Doppler maps (lower panels). Left panels: endings
of the penumbral filaments (peripatopause) of pore 1; right panels:
peripatopause of pore 2. The white contours in the lower right panel
denote broad band intensities of 0.9 Iphot. Tickmarks are at 0.′′5 dis-
tance.

points in the opposite direction. Therefore, the boundary be-
tween penumbra and umbra (peripatopause) of this pore might
show some differences to a common peripatopause, as e.g.
the one in pore 1. An obvious difference between the peri-
patopauses of the two pores is that the endings of the bright
penumbral filaments at pore 1 in most instances exhibit bright
grains giving the filaments a comet-like (cf. Muller 1973) or
tongue-like (cf. Grossmann-Doerth et al. 1986) appearance. In
pore 2 no such grains are visible. Here the endings of the bright
penumbral filaments are mostly defined by a monotonic reduc-
tion of their widths. This difference is clearly visible in en-
larged sub-boxes of the broad band images as shown in Fig. 3 .
Note that the two bright structures visible in the broad band im-
age of pore 2 are bright umbral dots (upper right panel of Fig. 3,
positions [0.′′3, 5.′′7] and [0.′′4, 4.′′2]). At least one of them cor-
responds to a fragment of a bright point penetrating into the
umbra from the nearby granular field.

The corresponding flow maps also show significant differ-
ences (Fig. 3, lower panels). Close to pore 1 the bright fila-
ments correspond to blueshifts (upflows). The two overplot-
ted arrows point to the same positions in both the broad band
and the Doppler image. However, the maximum velocity (up
to 2.33 km s−1 in the filament marked with the left arrow) does
not appear at the brightness maximum of the penumbral grain
but approximately 2′′ away from it. This result is in excellent
agreement with the numerical simulations of Schlichenmaier
et al. (1998). In this model the Evershed flow is assumed to

Fig. 4. Scatter plots of the subfields shown in Fig. 3.

arise in bright grains where vertical flux tubes are bent to the
horizontal. At the footpoints of the horizontal flux tubes (i.e. at
position of the bending) the temperature is found to exceed the
mean penumbral temperature by several 103 K. The formation
of penumbral grains might then be related to this temperature
excess. The flow velocities in the horizontal flux tube are ex-
pected to increase monotonically from the footpoint towards
larger distances. This is also clearly visible in our flow maps.
The absolute velocity gradient must be considered to be much
steeper than that expected from Fig. 3 since only the line-of-
sight components of the flow velocities can be estimated from
our data.

At pore 2 the endpoints of the bright penumbral filaments
(again marked by white arrows) are situated in regions of lo-
calised strong redshifts. However, neither the bright nor the
dark filaments are correlated with the flows in this entire sub-
field. Examining the areas within the overplotted white con-
tours in the Doppler map shows that all the bright penum-
bral filaments are located in regions where the flow velocities
change from positive to negative values. This lack of correla-
tion is substantiated in the scatter plots of Fig. 4: whereas in
the upper panel (pore 1) a positive correlation (correlation co-
efficient c = 0.47) between broad band intensity and Doppler
velocity might be guessed, in the lower panel (pore 2) the scat-
ter plot looks more uncorrelated (c = 0.29).

3.3. Time evolution of penumbral filaments

According to the numerical model of Schlichenmaier et al.
(1998) an inward migration of the bright footpoints of the
Evershed flow should be visible. The temporal evolution of the
peripatopause of pore 1 is displayed in Fig. 5. For almost all
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Fig. 5. Temporal evolution of the penumbral filaments connected to pore 1 (from left to right and top to bottom). The arrows mark three inward
moving penumbral grains. Tickmarks are at 0.′′5 distance; the time interval between subsequent images is 103 s.

of the bright penumbral grains in the subfield this inward mi-
gration can be seen. Particularly the three examples marked by
white arrows can be followed easily and confirm the results of
Schlichenmaier et al. (1998).

An additional effect visible in Fig. 5 is a separation of
some of the bright grains from their original penumbral fil-
aments as they enter into the umbra. Whereas the penum-
bral grain marked as example “a” in Fig. 5 moves without
further separation, this effect is clearly observable for exam-
ples “b” and “c”. The resulting structures after separation from
the penumbral filaments resemble peripheral umbral dots (for
details about nomenclature and physical properties see e.g.
Grossman-Doerth et al. 1986; Sobotka et al. 1997). They can
even merge with each other (example “c”). Against this back-
ground it might be expected that the umbral-dot like struc-
tures originating from penumbral grains are related to upward-
moving gas flows as found for penumbral grains. This con-
clusion would additionally support theoretical and numerical
models of e.g. Parker (1979), Choudhuri (1986), Knölker &
Schüssler (1988), and Degenhardt & Lites (1993). Therefore,
we have measured the Doppler velocities and magnetic field
strengths of all bright penumbral grains and umbral dots visi-
ble in and around pore 1. Figure 6 shows these quantities av-
eraged in 3 × 3 pixel boxes centred on the brightest pixel of
each structure vs. broad band intensity. The umbral dots can be
discriminated from the penumbral grains by lower broad band
intensities. The magnetic field strength shows a decreasing lin-
ear trend from the darkest umbral dots towards the brightest
penumbral grains, thus indicating a smooth transition between
both phenomena. The field strengths of the bulk of the struc-
tures are below the average umbral field strength.

The Doppler velocities, however, show rather different be-
haviours for the two types of structures. For most of the de-
tected umbral dots the measured velocities amount to small
positive values (upflows). A slightly increasing trend towards
brighter structures can be inferred. The zero reference value
has been defined by the average velocity of the darkest regions

Fig. 6. Scatter plots of vLOS and BLOS vs. broad band intensity, I, for
penumbral grains (diamonds) and umbral dots (plus signs) in and
around pore 1. Dotted lines denote mean values of vLOS and BLOS in
the darkest regions with I < 0.5Iphot.

in pore 1. Thus, the orientation of the flows – with respect to the
dark umbra – is mainly upward. The velocity distribution of the
penumbral grains is, in contrast to that of the umbral dots, less
uniform, i.e. the scatter is much larger. Nevertheless, almost all
of these structures show strong upflows and also here a ten-
dency for an augmentation of the Doppler velocities towards
brighter grains. This trend is, however, much steeper than that
for the umbral dots. The maximum value of 2.18 km s−1 be-
longs to a penumbral grain with I = 1.15 Iphot. This grain is
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Fig. 7. Time-averaged Stokes V profiles of 6 selected positions in the FOV. Solid lines correspond to the Fe i 6301.5 Å line, dotted lines are
computed from the Fe i 6302.5 Å line, respectively. Panel labels correspond to the marked positions in the time averaged broad band image (left
panel). The quantities 〈σ1〉 and 〈σ2〉 denote the spectral averaged standard deviations of the mean V profiles.

considerably fainter than the brightest ones with intensities up
to 1.34 Iphot.

3.4. Stokes V profiles

A visualisation of the structure of the penumbral connection
can be obtained from the variation of the shapes of the Stokes V
profiles across the FOV. However, since individual profiles may
have low significance in Fig. 7, at first, we show time aver-
aged profiles of selected positions. Temporal means were ob-
tained by averaging the V profiles of each pixel throughout the
time series. The penumbral structure is rather stable in time, as
can be seen from the time-averaged broad band image (Fig. 7,
left panel). Correspondingly, V profiles from individual spec-
tral scans show, aside from higher noise levels, similar shapes
to those plotted in Fig. 7. This fact is also reflected by the low
standard deviations of the averaged profiles. The quoted val-
ues (〈σ1〉 for the Fe i 6301.5 Å line, 〈σ2〉 for the Fe i 6302.5 Å
line) represent spectral averages of the temporal variations of
the corresponding V profiles.

The basic feature of the V profiles plotted in Fig. 7 is that
the amplitudes calculated from the Fe i 6302.5 Å line are higher
everywhere than those estimated from the Fe i 6301.5 Å line al-
though their shapes are rather similar. This may be attributed to
the smaller Landé factor and the somewhat greater formation
height of the Fe i 6301.5 Å line. In the umbrae (profiles “a”
and “f”) the V profiles are more or less ordinary, i.e. antisym-
metrically shaped although much more fluctuating in pore 2
than in pore 1. A few arcseconds away from the pores the pro-
files exhibit a significant asymmetry, i.e. one of the lobes be-
comes lower and broader than the other one. In the lower part
of the umbral connection (profile “c”) the blue lobes show this
behaviour, in the upper part (profiles “d” and “e”) the red lobe
is weakened. In the region close to the magnetic neutral line (cf.
Fig. 1) the Stokes V amplitudes are rather low and profiles show
mostly three lobes. The low amplitudes are expected since the
line-of-sight components of the field should be small here. The

appearance of three-lobed Stokes V profiles close to the mag-
netic neutral line is in good agreement with Schlichenmaier
& Collados (2002). However, the transversal field components
are expected to exceed the longitudinal (line-of-sight) compo-
nent. Consequently, crosstalk from Stokes Q and U towards
Stokes V may constitute a significant contribution for the mea-
sured Stokes V profiles. All features described above appear in
both bright and dark filaments, however, sometimes at differ-
ent distances from the umbrae. Generally, the V profiles show
a smooth variation of shapes along single filaments, whereas
the variation transverse to the filaments is much more fluctuat-
ing, i.e. adjacent positions from bright and dark filaments often
reveal rather diverse shapes.

Artificial penumbral Stokes V profiles as modelled e.g. by
Müller et al. (2002) show rather different shapes to the ones
obtained from our data. The simulated profiles show many de-
tails of all included model components which will are hidden
in the observations by noise and by the finite spectral resolu-
tion. Nevertheless, an almost complete disappearance of one of
the lobes occurs also in the simulations if a line-of-sight incli-
nation angle of 30◦−40◦ is assumed (cf. Fig. 7 in Müller et al.
2002). The disappearance of one of the lobes is explained by
the cancellation of the blue lobe of the background component
by the red lobe of a Doppler-shifted flux tube component. For
our observed profiles this means that at least two magnetic field
components within the resolution elements are necessary to ex-
plain the results: Close to pore 1 the obvious strong blueshift
in one of the components may cancel the blue lobe of the mea-
sured profile; close to pore 2 the measured redshifts may lead
to a cancellation of the red lobe.

Figure 8 shows non-averaged Stokes V profiles extracted
from the bright filament marked by the left white arrows in the
upper panels of Fig. 3. The V profiles displayed in Fig. 8a stem
from the bright grain at the ending of the filament and show
the ordinary two-lobed antisymmetric shape (see also pro-
files “b” in Fig. 7). The amplitudes are rather high so that it may
be concluded that a field component with a small inclination
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Fig. 8. Stokes V profiles from three positions along a single bright
penumbral filament (marked by the leftmost white arrows in the two
upper panels of Fig. 3). Solid lines correspond to the Fe i 6301.5 Å
line, dotted lines stem from the Fe i 6302.5 Å line, respectively.

angle with respect to the line of sight dominates the formation
of the profiles in this resolution element. Figure 8b shows the
V profiles in the filament approximately 1.′′75 away from the
bright grain. Here the weakening of the blue lobe is well pro-
nounced for both spectral lines, whereas in Fig. 8c (another
3.′′19 along the bright filament, i.e. close to pore 2) the red
lobes are reduced. Antisymmetrical profiles – as common in
the bright penumbral grains of the peripatopause of pore 1 (e.g.
Fig. 8a) – have not been found in the endings of the penumbral
filaments close to pore 2. Even in the umbra of pore 2 a large
fraction of the obtained profiles exhibit a considerable asym-
metry. This results in a significantly higher standard deviation
of the time-averaged profiles of the umbra of pore 2 as obtained
in pore 1 (cf. profiles labelled with “a” and “f” in Fig. 7).

4. Conclusions

The present high resolution study of a penumbral connection
between two pores shows a large variety of features, parts of
them well known from “ordinary” sunspot penumbrae, others
not observed there. From the magnetic field and Doppler maps
it may be concluded that an Evershed-like flow takes place par-
allel to the field lines from pore 1 towards pore 2 i.e. cross-
ing the magnetic neutral line. This result is unlike the situ-
ation in large δ-sunspots as analysed by Lites et al. (2002).
These authors found a converging zone where the flow direc-
tion of the Evershed motion reverses at the magnetic neutral
line. Both the results of the present study as well as those of
Lites et al. (2002) are in good agreement with the model as-
sumption of an “uncombed” or “fluted” penumbral structure
(cf. e.g. Solanki & Montavon 1993). Nevertheless, alternative
explanations might be adopted from micro-structured atmo-
sphere models (e.g. Sánchez Almeida & Bonet 1998).

The properties of the observed penumbral grains in the peri-
patopause of pore 1 (intensity excess, inward motion, upward
directed gas flows and ordinary-shaped Stokes V profiles) con-
firm the suggestion that they represent footpoints of flux tubes
as simulated by Schlichenmaier et al. (1998). Since it is fre-
quently observed that penumbral grains detach from the fila-
ments, they might have similar properties to peripheral umbral
dots. Analysing magnetic field strengths and broad band in-
tensities, a smooth transition from penumbral grains to umbral
dots is found. The Doppler velocities, however, show obvious
differences in these two types of phenomena.

A fiercely debated topic concerns the correlation of bright-
ness, field strengths and flow velocities of the penumbral fila-
ments. In the majority of studies (Schröter 1965; Stellmacher
& Wiehr 1971; Title et al. 1993; Shine et al. 1994; Rimmele
1995a) a preference for the Evershed flow to be situated in
the dark filaments has been assumed. Several authors (Wiehr &
Stellmacher 1989; Lites et al. 1990; Hirzberger & Kneer 2001),
however, have stated deviations from this picture. In the present
study the Evershed flow is clearly related to bright filaments in
the lower part of the penumbral connection, i.e. where the in-
clination angles, θB, of the flow and field vectors are assumed
to remain below 90◦. In the upper part of the structure, i.e.
where the flow and field vectors may reach inclination angles
above 90◦, no clear correlation between intensities and flow
velocities has been found. The magnetic neutral line, however,
clearly separates blueshifted from redshifted regions. Similar
results have been obtained by Bello González et al. (2004).
They found a tendency for the Evershed flows to be located in
bright penumbral filaments on the centre-side penumbra (incli-
nation with respect to the line-of-sight θLOS < 90◦) of sunspots;
on the limb-side penumbra (θLOS > 90◦) they found a prefer-
ence for the flows to be situated in dark filaments. An explana-
tion for this behaviour might be given by “differential opacity
effects” (cf. Schlichenmaier et al. 2004; Westendorp Plaza et al.
2001), i.e. different line formation heights and, since the flows
are not horizontal, by changing line-of-sight flow components
from the limb- to the center-side penumbrae of sunspots. In our
analysed data the penumbral filaments are oriented almost per-
pendicularly to the solar radius vector (cf. Fig. 2). Therefore,
this differential opacity effect should be weak. However, in the
penumbral model presented by Schlichenmaier et al. (1998) the
flux tubes that carry the Evershed flow are hotter than the sur-
roundings in the inner penumbra but this temperature excess
diminishes in the outer penumbra. The “outer” penumbra in
our data is represented by the close proximity to a dark, i.e.
cool pore. Thus, it may be assumed that the flow channels
are even cooler than the surrounding atmosphere. A disloca-
tion of the aspect of the flow channels from bright filaments
close to pore 1 to dark ones close to pore 2 might be taken into
consideration.

The variation of the Stokes V profiles across the FOV con-
firms the model assumption of horizontal flux tubes embedded
in an inclined background field (Schlichenmaier et al. 1998;
Müller et al. 2002): Close to pore 1 the blue lobe of the V pro-
files produced by the background field is cancelled by the red
lobe of the blue shifted V profile of the flux tube component.
Close to pore 2 the red lobe of the background field component
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is canceled by a red shifted flux tube component. In the transi-
tion of these two regions even more field components might be
assumed in the resolution element; however, since our data are
not corrected for instrumental polarisation effects only a ten-
dency toward a qualitative agreement with former results (e.g.
Schlichenmaier & Collados 2002) can be asserted.
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