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ABSTRACT

Context. The recent discovery of dark-cored penumbral filaments suggests that we are resolving the building blocks of sunspot
penumbrae. Their properties are largely unknown but provide important clues to understanding penumbral fine structure.

Aims. Our observations provide new constraints for the different scenarios put forward to explain the structure of sunspot penumbrae.
Methods. We present an analysis of dark-cored penumbral filaments, based on intensity filtergrams (G-band, continuum and
Ca1l H line wing), magnetograms and Dopplergrams, obtained at heliocentric distances between 15° and 55°.

Results. In general, the visibility of dark cores degrades with increasing heliocentric distance. Based on Call H wing images we
conclude that this is due to a geometrical 3D-effect and not due to a simple formation height effect. Only in the center-side penumbra
are dark-cored filaments visible at all observed heliocentric distances. We observe that dark-cored filaments frequently split in the
umbra, forming a Y-shape that disappears after a few minutes, leaving a shortened filamentary structure and a bright dot in the umbra.
The dark-cored filaments have life times >90 min. The dark cores are related to a much weaker and a more horizontal magnetic field
than their lateral brightenings. Where the dark-cored filaments appear in the umbra, the magnetic field is inclined by 40° with respect
to the solar surface normal for both the dark core and the bright edges. With increasing distance from the umbra, the magnetic field
inclination in the dark cores increases rapidly within a few thousand km. Both the magnetic field strength and inclination in the lateral
brightenings show very small variations with spot-center radial distance. The velocity field possesses a strong horizontal component
within the dark cores. The absolute line-of-sight (LOS) velocity is larger within the dark cores than in their lateral brightenings. The

Evershed flow apparently is present primarily in the dark cores.
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1. Introduction

Much of our current level of understanding of sunspot penum-
brae is based on physical (e.g., Meyer & Schmidt 1968; Thomas
1988; Wentzel 1992; Jahn & Schmidt 1994; Schlichenmaier
et al. 1998a,b) or empirical (e.g., Solanki & Montavon 1993;
Martinez Pillet 2000; Miiller et al. 2002; Bellot Rubio et al.
2004; Borrero et al. 2004, 2005, 2006a,b) models to explain
penumbral fine structure and flows in terms of flux tubes em-
bedded in a magnetic atmosphere. Such empirical models have
in particular been able to explain the net circular polarization
(NCP), arising from combined strong gradients in the line-of-
sight velocity and magnetic field (Solanki & Montavon 1993;
Martinez Pillet 2000). The success of inversions based on these
two-component models in explaining observed Stokes spec-
tra (e.g., Bellot Rubio et al. 2004; Borrero et al. 2004, 2005,
2006a,b) may appear to justify and support the assumed flux tube
models; however such data obtained at low spatial resolution do
not allow unique interpretations (e.g., Borrero et al. 2004). As
pointed out by Spruit & Scharmer (2006), the two-component
flux tube models implemented in the inversion techniques of
(Borrero et al. 2004, 2005, 2006a,b) are highly idealized and
ignore the strong perturbation of the surrounding magnetic field
on the flux tube. Such flux tubes, having circular cross section
and a uniform magnetic field inside the flux tube, cannot survive
and will be flattened in tens of seconds by the anisotropic forces
of the surrounding magnetic field'.

! These problems are high-lighted in the thesis of Borrero (2004,
Sect. 6.4). For the parameters chosen, the density at the top of the flux-
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A generic problem of all models explaining Evershed flows
in terms of steady flows is that such flows must closely follow the
7 = 1 surface of the penumbra. Furthermore, these flows must
be aligned with the magnetic field. Schlichenmaier & Schmidt
(2000), measuring Doppler shifts of two lines formed deep in
the photosphere, found that the inclination angles of the mea-
sured flows would correspond to flux tubes ascending approxi-
mately 300 km above the formation height of the spectral lines
observed. They proposed that this can be explained by averag-
ing over several flux tubes, each bending over and becoming
almost horizontal within a small distance from its foot point,
but with the foot points of individual flux tubes located at dif-
ferent radii. Bellot Rubio et al. (2003, 2004), applying two-
component inversions to NIR iron lines formed deep in the pho-
tosphere, found strong evidence for field-aligned flows in the
flux tube component. However, the inclination of the the flow
and magnetic field in the inner penumbra, approximately 70°,
shows the same inconsistency with horizontal flux tubes dis-
cussed by Schlichenmaier & Schmidt (2000) and is explained
by the same averaging effect. Borrero et al. (2005) also ana-
lyzed spectra from NIR lines formed deep in the photosphere
and found for a sunspot observed close to disk center that the
inclination of the magnetic field is close to 70° and increasing
gradually to about 90° at the outer boundary of the penumbra.
The very small spread of the measured inclinations in the in-
ner penumbra suggests that more than a few flux tubes must be
present within the 1" resolution element to be consistent with the

tube must be higher than that of the photosphere and negative at the
bottom of the flux tube in order to prevent collapse of the flux tube.

http://dx.doi.org/10.1051/0004-6361:20065215
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averaging effect proposed by Schlichenmaier & Schmidt (2000).
Recently, Rimmele & Marino (2006) analyzed a 120 min long
Dopplergram time sequence obtained in the non-magnetic neu-
tral iron line at 557.6 nm. The very high spatial resolution of
this data allowed the identification of individual flow channels
and their foot-points, co-aligned with bright grains (peripheral
umbral dots). Rimmele & Marino concluded that the upflows
turn into horizontal flows within fractions of an arcsecond but
present no analysis of the azimuthal variation of the measured
line-of-sight velocities, needed to justify this conclusion.

The discovery of dark cores in penumbral filaments
(Scharmer et al. 2002; Rouppe van der Voort et al. 2004;
Siitterlin et al. 2004; Langhans et al. 2005; Langhans 2006;
Rimmele & Marino 2006) suggests that we are starting to re-
solve the fundamental scales of the penumbra and that these
cores provide important clues to understanding its internal struc-
ture (Scharmer et al. 2002), while also posing new problems. As
shown by Schlichenmaier & Solanki (2003), the energy flux as-
sociated with upflow channels similar to those of Schlichenmaier
et al. (1998a,b) cannot provide the energy needed to explain the
radiative flux of the penumbra for a filament longer than approx-
imately 1200 km, assuming a flux tube diameter of less than
200 km. Schlichenmaier & Solanki (2003) concluded that such
flux tubes must submerge within 1000-2000 km from their foot
points in order to give room for new flow channels. Relying
on simulations by Schlichenmaier (2002), Schlichenmaier &
Solanki (2003) suggested that the submerged part of the flux tube
is heated radiatively by hotter gas below the photosphere, caus-
ing it to reappear as a hot upflow channel. However, Rouppe
van der Voort et al. (2004) analyzed dark-cored filaments with
lengths of over 6000 km without any indication of fine struc-
ture consistent with such aligned (reappearing) upflow channels.
Schlichenmaier & Solanki (2003) also concluded that the long
life times of observed filaments excludes the possibility of effi-
cient interchange convection (cf. Jahn & Schmidt 1994) to heat
the penumbra.

Spruit & Scharmer (2006) pointed out that the embedded
flux tubes assumed to explain penumbral fine structure and flows
constitute a hindrance to explanations of penumbra heating and
proposed a new model in which convection below the visible
surface in radially aligned field-free gaps is responsible for the
filamentary structure. The large vertical magnetic field gradients
are in this model explained as a natural consequence of the field-
free gaps, the dark cores as signatures of an elevated 7 = 1
surface above the field-free gap combined with an overall drop
of temperature with height. The existence of elevated filaments
was also suggested by Schmidt & Fritz (2004) based on mea-
surements of the center-to-limb and azimuthal variation of the
penumbral intensity for a large number of spots.

The identification of penumbra filaments and their dark cores
with embedded flux tubes harboring steady Evershed flows re-
quires that the observed flows and magnetic fields are sufficiently
horizontal. The dark cores in penumbral filaments have been
shown by Rimmele & Marino (2006) to outline flow channels.
In this paper we present filtergrams obtained in the G-band, the
nearby continuum at 436.4 nm and in the CaIl H line wing as
well as magnetograms and Dopplergrams of sunspots, observed
for a large range of different heliocentric angles (15° to 55°).
These observations obtained at high spatial resolution provide
direct information about the magnetic field and the flow field of
dark-cored penumbral filaments. Furthermore, we compare the
visibility of dark cores observed in the Ca Il H line wing, formed
150-200 km above the photosphere, with continuum and G-band
images recorded outside disk center. This allows us to establish
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Table 1. Data pairs: C4364 — broad band continuum at 436.39 nm.
C6302 — narrow band continuum images, obtained with the SOUP at
—35 pm from the line core of FeI 630.2 nm line. GB — G-band filter-
gram. CaH — filtergram in the Ca1I H line wing at 396.4 nm. CS — Scan
through the blue line wing of Call H. M — magnetogram in the blue
wing of Fel 630.2 nm D6302 — 2-point Dopplergram obtained in the
wings of FeI 630.2 nm. D5576 — 2-point Dopplergram obtained in the
wings of Fe1557.6 nm. D*5576 — 4-point Dopplergram.

large less symmetric sunspot, leading spot of NOAA 10397:
July 7, 2003 ©=0.57 C6302+M+D6302

small symmetric sunspot, leading spot of NOAA 10425:
August 8,2003 =096 C4364+GB+CaH+M
August 9,2003 u=0.88 C4364+GB+CaH+M+D6302

large symmetric sunspot of NOAA 10644:
July 16, 2004 ©n=0.95 C6302+M+D6302+D5576+CS
July 20, 2004 ©=0.57 C6302+M+D6302+D5576

large sunspot, leading spot of NOAA 10649:
July 16, 2004 ©n=0.87 C6302+M+D6302+D5576+CS

irregular sunspot of NOAA 10653:
July 20, 2004 n=0.75 C6302+M+D6302+D5576

less symmetric sunspot, leading spot of NOAA 10655:

August 5,2004 4 =0.96 C6302+M+D6302+D*5576
August 6,2004 u=0.90 C6302+M+D6302

August 8,2004 p=0.59 C6302+M+D6302+D*5576
August 9,2004 u=0.45 C6302+M+D6302+D*5576

that the visible 7 = 1 surface of the mid-inner penumbra, where
dark cores are observed, is strongly warped.

2. Observations

All observations were acquired with the SST (Scharmer et al.
2003a) at the Observatorio del Roque de los Muchachos
(La Palma, Spain) using its adaptive optics system (Scharmer
et al. 2003b). For the analysis, we use data sets of several spots
observed during July and August 2003 and July and August 2004
as listed in Table 1. The small symmetric spot of NOAA 10425
was also observed on August 9, 2003 with the Dutch Open
Telescope and used by Siitterlin et al. (2004) for their analysis
of dark-cored filaments.

The filtergrams of circular polarized light in the wings of the
FeTl line at 630.2 nm (5 pm from line center) as well as the fil-
tergrams in the wings of the FeI line at 557.6 nm were acquired
with the Lockheed Solar Optical Universal Polarimeter (SOUP)
tunable birefringent filter (cf. Berger & Title 2001) preceded by
an alternating left/right circular polarization (LCP/RCP) filter as
well as a blocking filter. For the observations obtained in 2004,
the polarization filters were replaced by two liquid crystals. The
SOUP filtergrams were obtained with exposure times of 90 to
180 ms. The plate scale is 0”075/pixel. In parallel with the SOUP
filter data sets, we obtained also filtergrams in the blue contin-
uum (436.4 = 0.57 nm, 17 to 22 ms integration time), in the
G-band (430.5 £ 0.54 nm, 20 to 28 ms) and in the blue wing
of the Call H line (396.1 nm, 40 to 50 ms). Additionally, on
July 16, 2004 we obtained filtergrams at different wavelength
positions in the blue wing of the Ca1l H line. These scans were
obtained by tuning a 0.11 nm-wide Ca1ll H-line interference
filter, mounted on a rotatable stage. The plate scale of these
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filtergrams is 0”04 1/pixel for the 2003 data and 0”0385/pixel for
the 2004 data.

All images were obtained in real-time frame selection mode.
The selected frames were post-processed using Multi-Frame
Blind Deconvolution (MFBD; Lofdahl 2002). For the G-band,
the continuum, and the Ca 11 H filtergrams, the best 3 to 5 frames
within 12 s were selected. To obtain almost simultaneous mag-
netic information from the Fe 1 630.2 nm filtergrams, we select 3
to 5 frames within each 5 s time interval before changing the po-
larization state. In the same manner, filtergrams in the line wings
of the Fel line at 557.6 nm were taken to obtain information
about the LOS velocity. For some data sets, filtergrams alternat-
ing between the red and the blue wings of Fel 630.2 nm were
recorded to obtain additional information about the LOS veloc-
ity. All data sets included in the analysis are listed in Table 1.

3. Data reduction and analysis

The data calibration is described in detail in an earlier paper
(Langhans et al. 2005, hereinafter Paper I).
We computed the magnetograms, M?, and Dopplergrams,

ngz and V;9576, in the following manner:
LCP _ jRCP
? _ s~ 15 (1)
LCP , JRCP’
=57 + I
LCP , JRCP LCP , JRCP
Veson = fes32 U + L) - s+ s ) (2)
6302 — J&.0- LCP RCP LCP RCP °
I_5 +I_5 +I+s +I+s
and
Is—1Is
Vi = _— 3
5576 = Je.5576 Tstls 3)

Four-point Dopplergrams were obtained as described by Shine
et al. (1994):

Vf = 2055 arctan

Liz—1T 9+ 19— 1—3) )

Io—13-1+19

where the indices give the distance from the center wavelength
of the corresponding line in pm. We refer to M? as the magne-
togram signal, where ©J indicates the LOS angle. The observed
spots in NOAA 10397, 10649, 10653 and 10655 have opposite
polarity to that of NOAA 10425 and 10644. For clarity in images
and diagrams, the magnetogram signal of those spots is inverted.

The calibration of the Dopplergrams, i.e., the estimation of
the calibration functions f, is described in Paper I along with a
discussion of the influence of velocity fields on the magnetogram
signal and the temperature dependence of the magnetogram sig-
nal. The sign convention in f; is selected such that positive ve-
locities represent red-shifts.

In order to establish the zero point of the Dopplergrams, we
made calibrations based on the assumption of an umbra at rest
and based on the surrounding photosphere with a correction for
the convective blue shift applied (based on Bellot Rubio et al.
2004; Balthasar 1985). The zero-point velocities obtained with
the two methods differ by up to several hundred ms™'. The dif-
ferences may have several explanations: (i) lack of an adequate
umbral reference (size of the umbra, low signal-to-noise ratio in
the umbra); (ii) influence of the moat flow in the reference region
outside the spot; (iii) incorrect determination of the line-center
position during the SOUP calibration or wavelength drifts dur-
ing the observations. The zero point velocities finally adopted
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are average values obtained from the umbra and quiet sun cali-
brations and may have errors as large as +250ms~!.

To create the time series of the data obtained on August 8§,
2003, we aligned all G-band images temporally, including de-
stretching to compensate for anisoplanatism. Next, each filter-
gram in the other wavelengths was aligned to the G-band frame
nearest in time. The aligned frames were clipped to the com-
mon field-of-view of the polarimetric and the other filtergram
data (74" x74""). Finally, the data cubes were time-space filtered
to attenuate brightness oscillations from the 5-min p-modes by
using a subsonic Fourier filter (Title et al. 1989) The filter re-
moves modulations with horizontal speeds above a threshold of
4kms~!. The fact that the filtergrams in LCP and RCP light are
not obtained simultaneously represents a major potential error
source (cf. Paper I) and the analysis was restricted to magne-
tograms and Dopplergrams made from the very best filtergrams.

4. Results

As described by, e.g., Siitterlin et al. (2004) and Bellot Rubio
et al. (2005), dark cores are best visible and easiest to identify
where the penumbral filamentary structure is orientated along
the symmetry line from spot center to solar disk center. We
therefore restricted the analysis to subfields of the center- and
the limb-side penumbra. For these subfields, we trace intensity,
magnetogram signal, and Doppler velocity, respectively, across
and along selected dark-cored penumbral filaments. The corre-
sponding paths are marked in the accompanying filtergrams.

4.1. General observations

Figure 1 shows dark-cored filaments of the small circular
sunspot of NOAA 10425 at u = 0.96 in the blue continuum,
in the G-band, in the wing of the Call H-line, along with the
corresponding magnetogram. Figure 2 is similar, showing con-
tinuum and magnetograms at u = 0.88. Dark-cored filaments
look very similar in the continuum intensity (436.4 nm) and the
G-band intensity (Figs. 1a and b). The diagrams in Fig. 1c¢ show
that the variations of the normalized intensity across dark-cored
filaments are of the same magnitude in the G-band and in the
continuum for both the center- and limb-side penumbra. In gen-
eral, dark cores are very pronounced and can be identified over
a large radial part, especially in the center-side of the penumbra.
But in the innermost part of the limb-side penumbra, the con-
trast of the dark-cored filaments is larger than in the center-side
penumbra. The intensity plots in Figs. 1c and 2d, show that the
lateral brightenings peak at higher intensities in the limb-side
than in the center-side penumbra. Calculating the rms intensity
contrast within a half arcsecond-wide subfield centered around
the selected paths gives a contrast value of 0.20 for the limb
side and 0.12 for the center side. The average continuum inten-
sity is higher in the limb side (0.74) than in the center center
side (0.70). At the penumbral-umbral border of the limb-side
penumbra, the dark-cored filaments are associated with dot-like
brightenings that are related to a strong positive magnetic signal.
A close-up view of such brightenings, visible both the contin-
uum filtergram and the magnetogram, is shown in Fig. 2c. This
signature is not visible in the center-side penumbra.

Overlaying an intensity filtergram and a magnetogram shows
that the dark-cored filament as identified in the filtergram and
the coherent radially extending structure observed in the magne-
togram indeed represent the same structure. The magnetograms
associated with such dark-cored filaments show coherent radial
structures, consisting of a low-signal component flanked on both
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Fig. 1. NOAA 10425 on August 8, 2003, LOS angle 16°. a) Center-side penumbra (top to bottom: continuum, G-band, Ca Il H wing, magnetogram),
b) Limb-side penumbra. ¢) G-band intensity along the cut A-B as indicated in the maps. The left column refers to the center-side, the right column
to the limb-side penumbra. d) Intensity in the blue wing of Call H line (396.4 nm). e) Magnetogram signal. The dashed curves represent the
continuum intensity at 436.4 nm, normalized to quiet sun intensity (scale to the right). The squares in the lower left of the magnetograms mark the
grey scale corresponding to a magnetic signal of zero. The grey bars in the diagrams indicate the positions of the identified dark cores.

sides by high signal components. Often these compound mag-
netic structures are more distinct and can be followed much fur-
ther out from the inner penumbra than the dark cores seen in fil-
tergrams. In the following, we refer to these magnetic structures
as dark-core magnetic structures. In Fig. 1, we indicate a dark
core by a black-dotted line in the continuum and a white-dotted
line in the magnetogram, respectively. Tracing the filament from
the inner penumbra outward, the lateral brightenings appear to
disappear at the position indicated by the arrow, but reappear
further out. In contrast, the dark-core magnetic structure shows
a radially coherent structure across the position marked by the
arrow. In general, variations in brightness of the lateral bright
components along the dark-cored filaments in the intensity fil-
tergrams are not reflected in the magnetograms. Nor do we find
a counterpart in magnetograms and Dopplergrams to the asym-
metry of individual dark-cored filaments observed in intensity
filtergrams as described by Scharmer et al. (2002). For example,
the dark-cored filament in Fig. 1 at 3”5 shows a strong magnetic
signal on both sides of the dark core but the intensity is much
higher on one side than on the other.

The visibility of dark-cored filaments decreases with increas-
ing LOS angle ¥. In the limb-side penumbrae of the spots ob-
served at about u = 0.57 (NOAA 10397, July 7, 2003 and
NOAA 10644, July 20, 2004) we can only identify a few dark
cores. In the magnetograms the dark-cored magnetic structures
are visible also at other azimuth angles, but are more distinct
close to the symmetry line. (cf. Fig. 3 in Paper I for a symmetric
sunspot at a heliocentric angle of 28°.)

Irrespective of the azimuth angle, we find that dark cores
(where such can be identified) consistently are related to a re-
duced magnetogram signal compared to their immediate sur-
roundings. Figures 1a,b and 2a,b show that the dark core mag-
netic structures are more distinct and easier to trace outwards
than the dark cores seen in continuum or G-band images.

Figure 3 illustrates the variation of the continuum inten-
sity and magnetogram signal along a typical dark-cored fila-
ment at different distances from the umbra (cuts A to G). The
displayed filaments split at the umbra—penumbra border form-
ing a Y-shape, that is a common aspect of dark-cored filaments
(Scharmer et al. 2002). Additional examples are indicated by ar-
rows in the magnetogram of Fig. la. The variation in intensity
and magnetogram signal across the “tails” (A) demonstrates that
each “tail” that extends into the umbra shows the same variation
as two separated individual dark-cored filaments. The dark core
can be identified throughout the whole penumbra, both in in-
tensity and magnetogram signal. The intensity drop in the dark
core is largest in the inner penumbra (0.3 in units of the nor-
malized continuum intensity). The dark core intensity decreases
with increasing distance from the umbra. The distance between
the two lateral brightenings — defined as the width of dark-cored
filaments by Scharmer et al. (2002) and Siitterlin et al. (2004)
— increases slightly with increasing distance, from 0”3 (A) to
above 074 (G). At a given distance from spot center, the com-
ponents of a dark-cored filament differ in their magnetogram
signals. The bright edges have a stronger magnetogram signal
than the dark cores over the entire penumbra. The magnetogram
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Fig. 2. NOAA 10425 on August 9, 2003, LOS angle 28°. a) Center-side penumbra (top: continuum, bottom: magnetogram), b) Limb-side penum-
bra. ¢) Close-up view (rotated by 90° counter-clockwise) of the subfield indicated by the dashed lines in b). Dot-like brightenings are indicated with
+ symbols. d) Magnetogram signal along the cut A-B as indicated in the maps. The dashed curves represent the continuum intensity at 436.4 nm,
normalized to quiet sun intensity (scale to the right). The squares in the lower left of the magnetograms mark the grey scale corresponding to a
magnetic signal of zero. The grey bars in the diagrams indicate the positions of the identified dark cores.
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Fig. 3. Variation of continuum intensity and magnetogram signal throughout the center-side penumbra along a dark-cored filament (NOAA 10425
on August 8, LOS angle 16°. The solid curves represent the magnetogram signal (scale to the left), the dashed curve represents the continuum
intensity at 436.4 nm, normalized to quiet sun intensity (scale to the right).

signal decreases for both dark cores and lateral edges toward the
outer penumbra.

4.2. Ca Il H line-wing filtergrams

The Ca1l H wing is formed close to LTE, and scanning through
it shows — with some complications — the kinetic temperature as
a function of column density (cf. Rouppe van der Voort 2002).
The large opacity of this (and the CaIl K) line, combined with
an insensitivity to Doppler shifts, provide a unique diagnos-
tic in the visible solar spectrum. In the absence of a quanti-
tative analysis, we inspect the filtergrams (A to D) in Fig. 4
which were obtained at different positions in the wing. Very
roughly, they correspond to the following indicative mean for-
mation heights (Rouppe vander Voort, private communication)
over the continuum level of the VAL3C model (Vernazza et al.
1981). A: 170 km, B: 100 km, C: 60 km, D: 10 km. In compari-
son, the G-band images are formed at a height of approximately
50 km above the quiet sun photosphere (Carlsson et al. 2004),
corresponding to the height of the filtergrams shown in Fig. 4C.
We note that inverted granulation is clearly seen in A, confirming
that this passband shows temperature structure well above the
photosphere, and that even B shows a fading granulation pattern,
distinctly different from what is seen in continuum and G-band

images. However, the fine structure seen in the penumbra looks
essentially the same in all passbands A-D. The main difference
between the penumbra shown in A and D is that dot-like struc-
tures in D cannot be identified in A and that close to line center,
the fine structure is more diffuse than further out in the wing.

In Fig. 4 is shown the variation of the Ca Il H-line wing inten-
sity along three dark-cored filaments for the different passbands
observed. In these plots, the different passbands are indicated by
the thickness of the curves — with the thickness increasing with
distance from the line center. The intensity is normalized with
respect to the photosphere outside the spot. The plots that dis-
play the variation of the Call H-line wing intensity along the
cut A-B (Fig. 1d) show that most dark cores that are visible in
the continuum can be identified also in filtergrams obtained in
the Call H-line wing. Some of the intensity minima in Call H
seem to be shifted in comparison to the position of the related
dark cores as observed in the continuum intensity, others appear
unresolved. In general, the intensity contrast of dark-cored fil-
aments is somewhat lower in the Call H-line wing than in the
continuum. This may be due to lower resolution from the longer
exposure times.

The Ca1l H images map kinetic temperature at continuum
optical depths that increase with the distance from line cen-
ter for the passband observed. This allows us to immediately



768

position [arcsec]

normalized intensity

K. Langhans et al.: Dark-cored filaments in sunspot penumbrae

2 3 0 2

position along dark core [arcsec]

Fig.4. NOAA 10644 on July 16, 2004, LOS angle 10°. Top: filtergrams obtained at different positions in the blue Call H line wing — increasing
distance from line center from left to right (A: 0.2 nm, B: 0.3 nm, C: 0.4 nm, D: 0.7 nm). The upper panel shows granulation close to the spot as
reference. Bottom: variation of the normalized Call H-line wing intensity along dark cored filaments. Solid curves present the intensity variation
along the dark cores, the dashed curves along the lateral brightenings, respectively. The line thickness represents the line wing position where the
filtergram is taken. Increasing thickness means increasing distance from line center (corresponding to A to D in the top panel).

conclude that dark cores remain cool relative to their surround-
ings at heights corresponding to continuum optical depths in
the range 0.1-1. However, radiative transfer diagnostics alone
do not allow any conclusions about temperature variations at a
fixed height. The measured intensity (temperature) variations at
fixed optical depths may be due to horizontal temperature varia-
tions at fixed height, but can also be due to purely vertical tem-
perature variations combined with surfaces of constant optical
depth that vary strongly in height with position in the spot, i.e.,
a warped visible surface. Evidence for a warped visible surface
comes from continuum images of dark cores observed off disk
center. Such images show that dark cores can hardly be seen,
except in the disk center direction, already when u = 0.57.
The Eddington-Barbier relation for a plane-parallel atmosphere
implies that this radiation reaches us from a continuum optical
depth of 7 = u = 0.57, i.e., much deeper down than the forma-
tion height corresponding to panel A in Fig. 4. This confirms
what already the azimuthally varying visibility of dark-cored

filaments suggests: that the dark-cored filaments are associated
with strongly warped surfaces of constant optical depth. This is
discussed further in Sect. 5.

4.3. Dark-cored filaments observed at different heliocentric
positions

Figure 5 shows parts of the center- and limb-side penumbrae
of sunspots observed at different heliocentric angles between
15° and 55°. In each panel, the co-added LCP and RCP filter-
gram (LCP+RCP), the magnetogram, and the Dopplergram (top
to bottom) of the selected subfield is displayed. (At a heliocen-
tric angle of 55°, no dark-cored filament could be clearly iden-
tified in the limb-side penumbra.) We start the tracing, where
the filaments appear in the umbra — defining the inner foot
points — following the structure as far as they can be identified
in the outer penumbra. Figures 6—8 show the variation in the
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center side limb side

Fig. 5. Dark-cored filaments at different heliocentric positions. In each
panel, LCP+RCP s displayed in the top, the magnetogram in the middle
and the Dopplergram in the bottom (left column: center-side penumbra,
right column: limb-side penumbra). The squares in the lower left of the
magnetograms and Dopplergrams mark the grey scale corresponding
to a magnetic signal of zero and the zero point LOS velocity, respec-
tively. a) NOAA 10655 at LOS angle of 15°, August 5, 2004; b) NOAA
10649 at 29°, July 16, 2004; ¢) NOAA 10653 at 42° July 20, 2004; d)
NOAA 10655 at 55°, August 8, 2004.

normalized intensity, the magnetogram signal, and the LOS ve-
locity along both the dark core and the lateral brightenings indi-
cated by dashed lines in LCP+RCP, where the dark-cored fila-
ments are very pronounced.

Intensity variation

The intensity diagrams® show that the intensity difference be-
tween dark core and lateral brightening is larger in the inner part
of the limb-side penumbra than in the inner part of the center-
side penumbra at all observed heliocentric positions. In general

2 The fact that the paths are selected in LCP+RCP explains that in
some diagrams of Fig. 6 the normalized continuum intensity of the lat-
eral brightenings is lower than the intensity of the dark core itself.
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Fig. 6. Variation of the normalized intensity along selected dark-cored

filaments at different heliocentric positions. CS — center side, LS —
limb side.

the local intensity variations (within 1”’) of the lateral brighten-
ings are spatially uncorrelated with the local intensity variations
in the dark cores. The general trend throughout the penumbra is
similar.

Magnetic field

The lateral brightenings are always related to a stronger magne-
togram signal relative to that of the dark cores throughout both
the center-side and the limb-side penumbra. This is true for all
observed heliocentric positions where dark cores are visible. The
magnetogram signal of the center-side dark-cored filaments is
stronger than for the filaments at the limb side. The absolute
difference between dark-core signal and lateral brightening is
smallest for the filaments observed in the limb-side penumbra
at 29° and 42°. The strongest magnetogram signal close to the
foot point of a center-side dark-cored filament is observed at 55°.
In the center-side penumbrae we do not observe a negative mag-
netogram signal for the dark-core component nor for the lateral
brightening. In the limb-side penumbra, we measure negative
magnetogram signals within the dark cores at the observed he-
liocentric angles of 29° and 42°. At a heliocentric angle of 29°,
the zero level is reached at 2”5 and at a heliocentric angle of 42°,
the signal crosses zero at 2”. At these points, the inclination of
the field is 56° and 48° respectively. For smaller distances, the
signal is positive, indicating that the magnetic field inclination
increases with distance from the foot point.

Velocity field

In the center-side penumbra, the dark cores are related to a
strong negative (blue shifted) LOS velocity component. For all
observed heliocentric angles, the dark cores are always related
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to a larger absolute LOS velocity than the lateral brightenings.
In general, the absolute LOS velocity increases with increasing
distance from the umbra in both in the center-side and limb-side
penumbra for all observed heliocentric angles. The increase is
stronger for the dark cores relative to their lateral brightenings
both in the center- and limb-side penumbra. This indicates that
the horizontal velocity component is stronger in the dark cores
than in the lateral brightenings.

For the selected dark cores, we neither observe positive LOS
velocities in the center-side penumbra nor negative LOS veloc-
ities in the limb-side penumbra. The measured velocity varies
strongly from one dark core to another. For example, the dark
core in Fig. 5c above the selected dark core shows a stronger
LOS velocity along the whole structure than the selected one.
In comparison to the selected dark core these two structures are
related to a much stronger velocity signal in the outer penum-
bra. The Dopplergram of Fig. 5d shows two elongated structures
(one above and one below the selected dark-cored filaments)
with strong LOS velocity but the related structure in the con-
tinuum intensity could not clearly be identified as a dark core.
Additionally, the measured velocity can vary significantly along
the dark core. E.g., the center-side dark core observed at 42°
shows a strong localized increase of the velocity for for positions
along the dark-cored filaments in the range 2-3" (cf. Fig. 8).

In the limb-side penumbra, the LOS velocity of dark cores is
positive, already at the location of their foot points. The inclina-
tion of the flow field is consequently larger than (90—42)° at this
point. In general the measured absolute LOS velocities are lower
than in the center-side penumbra. At 42°, the absolute LOS ve-
locity measured at the center-side footpoint is stronger than the
measured velocities at the foot points at 29° and 55° for both
dark core and lateral brightenings. Additionally, we measure a

K. Langhans et al.: Dark-cored filaments in sunspot penumbrae

15° 0-4F NOAA 10655, CS

ty [km/s]
o
o

|
©
IS

LOS velocit,

!
IS4
®

0 1 2 3 4 0 1 2 3 4

N

LOS velocity [km/s] <,
bvooA o
o =) o

1
@
o

I
»
)

LOS velocity [km/s]
A
S

1
3
=)

1 2 3 0 1 2 3
position along dark-cored filament [arcsec]

o
a
(<}

NOAA 10655, CS

]
o
S

—— dark core

————— lateral brightenings

|
=)
T

LOS velocity [km/s]

|
N
o

1
position along dark-cored filament [arcsec]
Fig. 8. LOS-velocity (557.6 nm) variation along selected dark-cored fil-
aments at different heliocentric positions. CS — center side, LS — limb
side.

LOS velocity close to zero at the limb-side footpoint at 29°. This
indicates an inclination of the velocity field between 29° and 55°
at the dark core foot points.

At locations where dark-cored filaments split or reach far
into the umbra, we observe positive (red shifted) LOS veloci-
ties in the center-side penumbra. E.g., in the upper right corner
of Fig. 5a is a filament visible that splits in the umbra. The split-
ting is visible both in the continuum filtergram and in the mag-
netogram, but could not be identified in the Dopplergram that
shows a negative signal at this location. Also the dark-cored fil-
ament that reaches longest into the umbra in Fig. 5b shows a
discontinuous velocity signal. In the penumbra the velocity sig-
nal of this dark core is close to zero. Only in the outer penumbra,
a negative LOS velocity is detected.

4.4. Magnetic field strength and inclination
in dark-cored filaments

Accurate measurements of magnetic field vectors require full
Stokes measurements at several wavelengths and modeling com-
bined with inversion techniques. However, reasonable estimates
of field strength and inclination variations across penumbral fine
structure can be obtained from magnetograms. In Langhans et al.
(2005), L. Bellot Rubio kindly provided radiative transfer calcu-
lations using the temperature and electron pressure stratifications
of the mean penumbral model of del Toro Iniesta et al. (1994).
Plotting the predicted magnetogram signal versus the temper-
ature difference AT relative to the mean penumbral tempera-
ture stratification, the calculated magnetogram signal is higher at
lower temperatures, —1500 K < AT < 0 K, and lower at higher
temperatures, 0 K < AT < 1000 K (cf. Fig. 8 in Paper I). From
this plot, it can be concluded that the difference in field strength
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Fig. 10. Radial dependence of the magnetic field along the dark-cored filament. Left: magnetic field inclination vy; right: M.

between dark cores and their lateral brightenings may even be
larger than indicated by magnetograms.

To derive estimates of the magnetic field strength and in-
clination we use the geometrical method described in detail in
Paper I. The magnetogram signal, as defined in Eq. (1), can be
written as
M” = a(B,T,vL0s) B’ 5)
The magnetogram signal is proportional to the longitudinal mag-
netic field B?, but it is also a function of B itself, the tempera-
ture 7', and the LOS velocity v os. The projection of the horizon-
tal component of @B to the LOS, M}’? (r), describes an azimuthal

sinusoidal variation for constant r with the amplitude Mg o(r):

M} (r) = M} o(r) sing. (6)
The projection of the vertical component of aB to the LOS
M?(r) does not vary with the azimuth and is represented by the
offset of the sinusoidal least squares fit to M?(, ¢) for constant .
The inclination angle 7y is finally computed from the ratio of
Mg(r) and M}?O.

Langhans et al. (2005) use the azimuthal fluctuation in both
the intensity filtergrams and the magnetograms to separate the
penumbra spatially in two components and define binary masks.
In this way, properties of each component can be analyzed sep-
arately. Here the dark core structures are selected by eye. The
analysis is based on 26 dark-cored filaments (NOAA 10425 on
August 9, 2003, UT 11.45). Because the penumbral filaments

originate at different distances from spot center (over a range of
at least a few arc seconds), we assign an individual radial coordi-
nate, p, to each of the dark-cored filaments, where they originate
in the umbra. We are assuming that their structure is independent
of the distance from spot center. Figure 9 shows azimuthal slices
taken at different values of p for the dark cores (solid diamonds)
and the bright edges (open diamonds). For the dark cores, M? (p)
decreases with increasing p. The amplitude of the fitted sinu-
soidal, M}? 0(p), is of the same magnitude for both values of p.

For the bright component of the dark-cored filaments Mg olp) is

also almost constant for different values of p. M?(p) decreases
less with increasing p in comparison to the dark core magnetic
field. The variation of the inclination angle y along p is plotted
in Fig. 10. At the foot point vy is the same for both the dark core
and the lateral brightening. While y increases continuously with
increasing p for the dark core, the inclination of the surroundings
remain around 45°. My = aBy (right panel in Fig. 10) decreases
with distance from spot center. The decrease for the bright com-
ponent is small in comparison to the decrease of the dark core
component (30% within a distance of 2").

From Fig. 10 we conclude that the magnetic field strength is
approximately a factor of two weaker in the dark cores compared
to the lateral brightenings. As noted in Sect. 4.1, the distance be-
tween the lateral brightenings is very small, approximately (" 3—
0”4. We can therefore not exclude the possibility of significant
polarized stray-light and that the field strength in the dark cores
is even smaller than measured.



772

K. Langhans et al.: Dark-cored filaments in sunspot penumbrae

Fig. 11. Evolution of dark-cored filaments during 1 h 35 min in the G continuum (fop) and magnetogram (bottom). One tickmark corresponds

to 1”. The time stamps are given in minutes after the start of the sequence.

4.5. Time evolution of dark-cored filaments

The filamentary structures, wherein the dark cores are embed-
ded, are very stable. Figure 11 shows 22 snapshots of a small
part of the center-side penumbra of the symmetric sunspot of
NOAA 10425 on August 8 at £ = 0.97, corresponding to 95 min.
We follow the evolution of three dark-cored filaments.

Filament 1 (marked with the dashed line in the first con-
tinuum frame): the selected dark core stretches over the entire
penumbra during the whole observed sequence. During the se-
quence the inner foot point of the filamentary structure moves
about 1” sideways and in direction toward the umbra. The foot
point covers a distance of about 2”, which corresponds to an
average proper motion speed of 260ms~!, inferred from the
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displacement of the inner footpoint. In the snapshot, taken at
58.25 min after the beginning of the sequence (labeled 58.25),
the structure starts to split in the umbra forming a Y-shape, best
visible a few minutes later (62.00). In the following snapshots,
the Y-shape disappears, leaving a shortened filamentary struc-
ture and a bright dot in the umbra (69.00 to 72.00). The devel-
opment of a Y-shape is a quite common feature. E.g., the fila-
mentary structure to the right of the selected filament forms a
Y-shape (38.75 to 50.25), that disappears again a few minutes
later. Except for this development of Y-shapes, the structure of
the dark-cored filaments is very stable at least on a time scale of
1.5h.

Filament 2 (marked with the dotted line in the first contin-
uum frame): in the first frames of the sequence this filament
can be traced throughout the entire penumbra. From 14.75 the
filament fades in the continuum. Of the lateral brightenings,
only one remains visible. Whereas the dark core can no longer
be identified in the continuum images, the dark-cored magnetic
structure remains visible throughout the entire penumbra (14.25
to 27.00). In the following frames (31.25 to 62.00) the magnetic
signature of the filament — position marked by white circles in
both magnetograms and continuum — disappears in the outer
penumbra and finally fades also in the inner penumbra (69.00).

Filament 3 (marked with the dashed-dotted line in the con-
tinuum frame at 72.00): this filament is an example of a newly
formed inward-moving dark-cored filament. The magnetic sig-
nature of a dark-cored filament can already be detected at 14.75,
marked with a white cross. (A hint for that signature might even
be identified earlier in the sequence.) In the continuum filter-
grams, the dark-cored filament is not visible until 62.00. The
inner foot point of this filament — marked by white crosses —
apparently moves inwards with an average speed of 140ms™".

5. Discussion and conclusion

We confirm the observation of Siitterlin et al. (2004) concerning
the asymmetrical appearance of dark-cored filaments between
limb- and center-side penumbra. The number of dark cores ob-
served is higher in the center-side penumbra than in the limb-
side penumbra. However, the contrast is higher in the inner part
of the limb-side penumbra, where the dark-cored filaments are
frequently associated with dot-like brightenings (substructure of
penumbral grains), a signature that is not visible in the center
side. We find that the dark cores become hard to discern already
at rather small distances off disk center. In continuum filter-
grams, dark cores can be seen only at the center side penum-
bra for u = 0.57. However, Call H filtergrams show dark cores
even in the pass band closest to the line core formed approxi-
mately 150-200 km above the photosphere and corresponding
to a continuum formation optical depth of less than 0.1. The
conclusion is that dark-cored filaments are associated with a
strongly warped visible (v = 1) surface. This is consistent with
our conclusion that the magnetic field strength is much weaker
within the dark cores compared to the lateral brightenings, im-
plying large horizontal gas pressure gradients. Such horizontal
force balance requires that the dark core must be elevated rela-
tive to the lateral brightenings. In spite of that complex topology,
the Ca1l H wing images suggest that the thermal structure above
the photosphere of the penumbra is simpler than above the quiet
sun photosphere.

The time series of August 8, 2003 shows clearly that the
dark-cored filaments are very stable. Dark-cored filaments are
observed to fade gradually and to be “replaced” or “masked”
by new neighboring dark-cored filaments that appear to move
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towards spot center from the outer penumbra. This process is
very similar to that of the flow channels described by Rimmele
& Marino (2006). Frequently, dark-cored filaments develop Y-
shapes in the penumbral-umbral boundary, leaving a bright dot
in the umbra but remaining unchanged in the rest of the penum-
bra. This shortening of dark-cored filaments in the inner penum-
bra could be interpreted as a disappearance of the filament at
lower spatial resolution, possibly explaining the observed life
time of less than 45 min for dark-cored filaments found by
Siitterlin et al. (2004).

Dark-cored filaments are visible in all spectral bands inves-
tigated here, but the structures are most obvious and also most
stable in magnetograms. Even in the limb-side penumbra at the
large heliocentric angles, where dark-cored filaments can hardly
be identified in filtergrams, magnetograms show the characteris-
tic signature of dark-cored filaments.

We do not find any radial variation in the magnetogram sig-
nal of the lateral bright components of the dark-cored filaments
that is correlated to the observed intensity variations. Nor do we
find a counterpart in magnetograms and Dopplergrams to the
asymmetry of individual dark-cored filaments observed in inten-
sity filtergrams, i.e., that one lateral brightening is significantly
brighter than the other (cf. Scharmer et al. 2002).

Our observations show that the dark cores are related to a
more horizontal magnetic field than their lateral brightenings.
Following our analysis in Sect. 4.4, the dark cores are also re-
lated to a strongly reduced magnetic field strength.

Borrero et al. (2006b) interpreted observed Stokes spectra
within the framework of a two-component model consisting of a
flux tube and a background atmosphere. Within that framework,
Borrero et al. found that in the inner penumbra the flux tubes
have field strengths that are up to a factor three lower than for
the surrounding atmosphere and that the magnetic field in the
flux tube is more horizontal by about 40° than in the surround-
ings, but still inclined by 25°-30° with respect to the horizon-
tal. They also found that the Evershed flow is associated with
the flux-tube component and is virtually absent in the surround-
ing atmosphere. These properties are in good overall agreement
with the analysis presented here if we identify the flux tube com-
ponent with the dark core and the surrounding atmosphere of
Borrero et al. with the lateral brightenings of our observed fila-
ments. The inclination of 25°-30° with respect to the horizontal
implies that a flux tube would ascend by approximately 100 km
along a radial distance of only 200 km and would be identifiable
as an individual flux tube over a small radial distance only.

Direct measurements of the magnetic field strength — based
on spectra of the Fell 614.9 nm line — by Bellot Rubio et al.
(2005) show that dark-cored penumbral filaments do exhibit
weaker fields than their surroundings (but only by 100-300 G)
and that the dark cores show weaker fields than their lateral
brightenings.

The inclination of the dark-core magnetic field increases
from 40° to 60° within a few arc seconds distance from their
foot points in the umbra. The bright component shows very lit-
tle radial variation both in inclination and in the strength of the
magnetic field. In the analysis in Paper I, the increase takes place
within a shorter distance, probably because the azimuthal aver-
age over different radial parts of individual dark cores was cal-
culated at a fixed radial distance.

The dark cores are related to larger absolute LOS velocities
than their immediate surroundings. From observations at differ-
ent heliocentric position angles, we conclude that the velocity
field has a strong horizontal component within the dark cores.
This is in accordance with recent high-resolution observations
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of Rimmele & Marino (2006). The Evershed flow is obviously
concentrated in the dark cores. The velocity signal within the
dark cores varies considerably from one dark-cored filament to
another. In addition, we frequently observe radially localized en-
hancements of the LOS velocity within individual dark cores,
suggesting that the gas outflow may take place in “packages” (cf.
Shine et al. 1994; Rimmele 1994; Rouppe van der Voort 2003).
Rimmele & Marino (2006) explain radially localized enhance-
ments of the LOS velocity by “stacked velocity channels”, how-
ever none of our highly resolved images support the existence of
crossed filaments.

An important clue to understanding the dynamics and mag-
netic fields of penumbra is provided by their connection to pe-
ripheral umbral dots (Scharmer et al. 2002). These are shown by
Rimmele & Marino (2006) to constitute the inner foot points of
flow channels and interpreted by them as support for the moving
tube model of Schlichenmaier et al. (1998a,b). The splitting of
dark cores into Y-shapes described here is a particularly inter-
esting process, arguing against the identification of dark-cored
filaments with flux tubes. Schiissler & Vogler (2006) have made
full 3D MHD simulations, including gray radiative transfer, for
an initially uniform vertical field with a field strength of 2500 G.
Within that atmosphere, convection develops in the form of nar-
row upflow plumes with adjacent downflows that become almost
field-free near the surface. Interestingly, the so-formed umbral
dots in most cases develop an elongated shape with a central
dark lane. In many cases, larger dots show a threefold dark lane,
quite similar to the Y-shaped dark cores found in our observed
filaments protruding into the umbra. The dark lanes in the simu-
lations of Schiissler & Vogler are due to the same opacity effect
as proposed by Spruit & Scharmer (2006) to explain the penum-
bra dark cores: that the formation height is shifted into the higher
and cooler layers of the atmosphere by the (nearly) field-free
gas. This model is consistent with the analysis presented here,
showing weaker and more horizontal magnetic fields at locations
of the dark cores as compared to the surroundings. Within the
concept of this model, the evolution of dark cored filaments de-
scribed by our observations and by Rimmele & Marino (2006)
can be interpreted as a continuous opening and closing of field-
free gaps. Our objections to the interpretation of Rimmele &
Marino are partly that they do not demonstrate that their ob-
served flow channels are horizontal and partly based on theoret-
ical arguments: It is very difficult to understand how flux tubes
with diameters in the range (//2-0"4 (150-300 km) can provide
the energy needed to explain the radiative output of filaments
that are nearly 4000 km long, in particular since the measured
upflow velocities are only on the order of 1 kms™!.

The data presented are consistent with the interpretation of
the dark cores as signatures of convection in field-free radially
aligned gaps just below the visible surface (Spruit & Scharmer
2006). This allows a natural explanation to the classical heat flux
problem of penumbrae, whereas the flux tube interpretation in
this context leads to severe problems. There is also supporting
evidence from MHD simulations (Nordlund, private communi-
cation) that explain dark lanes in light bridges (Lites et al. 2004)
as the result of field-free gas protruding into magnetic gas and
producing a dark lane by the combined effect of a locally el-
evated 7 = 1 surface and an overall drop of temperature with
height. Additional evidence for the gappy penumbra model can
be found in the work by Lofdahl et al. (2006), demonstrating a
direct connection between dark lanes in light bridges and dark-
cored penumbral filaments.
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