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ABSTRACT

Context. The bright heads of penumbral filaments, penumbral grains (PGs), show apparent horizontal motions inward, toward the
umbra, or outward, away from the umbra.

Aims. We aim to ascertain statistically whether the direction of PGs’ apparent motion is related to the inclination of the surrounding
magnetic field.

Methods. We used spectropolarimetric observations of five sunspot penumbrae to compare magnetic inclinations inside PGs with
those in their surroundings. The data were taken by three observatories: the Hinode satellite, the Swedish Solar Telescope, and the
GREGOR solar telescope. The direction of PGs’ motion was determined by feature tracking. The atmospheric conditions in PGs and
their surroundings, including magnetic field information, were retrieved by means of height-stratified spectropolarimetric inversions.
Results. Out of a sample of 444 inward-moving PGs and 269 outward-moving ones, we show that 43% of the inward-moving PGs
have a magnetic inclination larger by 8° + 4° than the inclination in their surroundings and 51% of the outward-moving PGs have
an inclination smaller by 13° + 7° than the surrounding one. The opposite relation of inclinations is observed in only one fifth of the
inward- and outward-moving PGs.

Conclusions. Rising hot plasma in PGs surrounded by a less inclined magnetic field may adapt its trajectory to be more vertical,
causing an inward apparent motion of PGs. Conversely, it may be dragged by a more horizontal surrounding magnetic field such that

an outward apparent motion is observed.
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1. Introduction

A sunspot penumbra has a well-marked radial filamentary struc-
ture observed in white-light images. This structure consists of
bright and dark fibrils. The bright fibrils usually have bright
heads that point toward the umbra and appear all over the penum-
bra. Muller (1973) called these bright heads penumbral grains
(PGs) and reported that they move toward the umbra (inward;
INW). In addition to inward-moving PGs, Sobotka et al. (1999)
also found PGs that move away from the umbra (outward; OUT)
and that, in contrast to the inward-moving PGs, are concentrated
in the outer penumbra. These observations were confirmed by
Sobotka & Siitterlin (2001) and Zhang & Ichimoto (2013). From
the aforementioned works, it can be derived that the observed
width of PGs varies typically between 0”73 and 0”’5, their length
between 076 and 2”70, and their lifetime between 10 and 50 min.
The inward-moving PGs live slightly longer than the outward-
moving ones and short-lived PGs are more numerous than long-
lived ones, where ~3/4 of PGs move INW (Sobotka et al. 1999).
Spectroscopic observations show upflows of hot gas coinciding
with PGs (Ichimoto et al. 2007; Franz & Schlichenmaier 2009).

The first theoretical explanation for the INW motion of PGs
(and other observed properties of penumbral filaments) was pro-
posed by Schlichenmaier et al. (1998a,b). An inclined magnetic
flux tube with an upflow of hot sub-photospheric gas rises and
crosses the visible surface. As the flux tube rises, its inclination to

the normal decreases. At the intersection between the surface and
the flux tube, a PG is observed and it shows an apparent motion
toward the umbra. The part of the tube above the visible surface
is horizontal and the outward-moving hot gas inside is cooled by
radiation. As long as the flux tube is hotter than the surroundings,
it is observed as a bright fibril. But when the gas cools down, it
becomes dark. The outward-moving gas constitutes the Evershed
flow (Evershed 1909; Rimmele & Marino 2006).

This concept has been extended in terms of magnetocon-
vection. Magnetohydrodynamical (MHD) simulations of sunspot
penumbrae have shown that the filamentary structure is created by
convective cells in a highly inclined magnetic field. First simula-
tions of the penumbra in a slab geometry (e.g., Heinemann et al.
2007; Scharmer et al. 2008) produced bright filamentary struc-
tures with horizontal flows, similar to observed Evershed flows.
These structures moved toward the umbra, resembling INW
motions of PGs. More advanced simulations of penumbral fine
structures were presented by Rempel (2012). An animation of
the temporal evolution of a sunspot’s fine structure (Fig. 6 in the
online version of Rempel 2012) shows the INW motion of PGs
in the whole penumbra, but there are also some bright structures
in the outer penumbra that move OUT. We note that the apparent
motions of PGs are not discussed by Rempel (2012).

Semi-empirical models of typical penumbral filaments were
proposed by Tiwarietal. (2013) using Hinode spectropo-
larimetric observations. In these models, the hot gas from
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subphotospheric layers emerges in the PG, which is the hottest
and brightest part of the filament. Then the gas flows along a
filament body with a nearly horizontal magnetic field, constitut-
ing the Evershed flow, leaks laterally, producing local downflows
on the sides of the filament (cf. Scharmer et al. 2011; Joshi et al.
2011), and cools down by radiation. The brightness of the fil-
ament’s body is at maximum in the part facing the umbra and
decreases with increasing distance from the umbra. Finally, the
cool gas sinks at the end of the filament, producing a strong
downflow. The filaments are embedded in a more vertical sur-
rounding magnetic field (Lites et al. 1993), which is presum-
ably a continuation of the umbral magnetic field (Tiwari et al.
2015). Its inclination to the normal gradually increases with the
distance from the umbra. According to their models (Fig. 6 of
Tiwari et al. 2013), deep in the photosphere at an optical depth
Tsoonm = 1, the magnetic field strength in PGs is substantially
weaker than the surrounding one in the inner penumbra and com-
parable in the outer penumbra. The magnetic field inclination in
PGs is larger (more horizontal) than the surrounding one in the
inner penumbra and smaller (more vertical) in the outer penum-
bra. This semi-empirical model is in agreement with the MHD
simulations of the penumbral fine structure (Rempel 2012).

Applying the time-slice method to a six-hour-long series of
high spatial (0”714) and temporal (20s) resolution images of
a large sunspot, Sobotka & Puschmann (2022) measured hor-
izontal motions in the penumbra. This data set was acquired
on June 18, 2004 at the 1-m Swedish Solar Telescope (SST,
Scharmer et al. 2003) under excellent seeing conditions. They
found that the horizontal speed of PGs’ motions changed from
—~0.7kms™" INW in the inner penumbra to 0.4kms~! OUT
in the outer penumbra. The orientation of motions changed
from INW to OUT in the middle penumbra and the OUT
speed gradually increased with distance in the outer penum-
bra. Sobotka & Puschmann (2022) suggested that the apparent
motions of PGs may be affected by the inclination of the sur-
rounding magnetic field: “Rising hot plasma surrounded by a
stronger and less inclined magnetic field may adapt its trajectory
to be more vertical, which would lead to the INW motion of PGs
in the inner penumbra. Oppositely, in the outer penumbra the
rising hot plasma in the filament’s head is dragged by the sur-
rounding, more horizontal magnetic field such that its crossing
point with the visible surface (PG) moves OUT”.

The aim of this work is to statistically test whether the mag-
netic field inclination in the inward-moving PGs is really larger
than that in their surroundings and, on the contrary, smaller in
the outward-moving PGs. High-resolution spectropolarimetric
observations of sunspot penumbrae together with time series of
broadband or continuum images are used for this purpose.

2. Observations

Magnetic field inclinations in PGs were compared to those in
the surroundings using detailed inclination maps obtained from
inversions of spectropolarimetric observations of magnetic-
sensitive lines formed in the photosphere. The observations must
be sampled with a spatial resolution better than 0”716 per pixel
to resolve individual PGs. The observed sunspots should have
a well-developed penumbra and not be located far from the
center of the solar disc, that is, the cosine of the heliocentric
angle, u, must be larger than 0.8, to avoid strong projection
effects. Each spectropolarimetric observation should be accom-
panied by a time series of broadband or continuum images to
determine the direction of PGs’ motions. We collected five data
sets taken by three different instruments, which meet the condi-
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tions mentioned above. Spectral lines formed at slightly different
heights in the lower solar atmosphere complement each other in
these observations. Table 1 summarizes the observations that are
sorted in chronological order.

Data sets 1 and 2 were retrieved from the MODEST
catalogue of depth-dependent spatially coupled inversions of
sunspots (Castellanos Duran 2022). This catalogue collects
inversions of spectropolarimetric observations in the lines Fel
630.15 and 630.25nm (spectral sampling 2.15 pm) obtained
with the Hinode (Kosugietal. 2007) 0.5-m Solar Optical
Telescope (SOT, Tsuneta et al. 2008) Spectropolarimeter (SP,
Ichimoto et al. 2008). A series of broadband images were down-
loaded from the Hinode Science Data Centre Europe'.

A large, roundish sunspot in active region (AR) 10930 at
p = 0.92 (data set 1) was scanned by SOT-SP on December
12,2006 with spatial steps of 0”716 and the scanning period from
11:56 to 12:57 UT was utilized to form the region of interest. At
the same time, G-band images of the spot area were recorded by
SOT with a spatial sampling of 07109 per pixel and a cadence
of 120 s. Another large spot in AR 10953, i = 0.99, (data set 2)
was scanned on May 1, 2007 with the same SOT-SP spatial res-
olution and the used scanning period was 21:44-22:24 UT. The
scanning was accompanied by the acquisition of SOT broadband
images in a blue continuum with a spatial sampling of 07054 per
pixel and a cadence of 30s. The field of view of these images
covered only two thirds of the spot area, mainly its northern part.

Data set 3 was acquired with the dual Fabry-Pérot Crisp
Imaging Spectropolarimeter (CRISP, Scharmer 2006) attached
to SST. This data set was described in detail by Hamedivafa et al.
(2016). The observation in the lines Fel 617.33nm, Call
854.21 nm, and Ha took 49 minutes, starting at 8:11 UT on
May 5, 2012. The target was a decaying sunspot in AR 11471
at u = 0.92. Each of the 53 full-Stokes (I, Q, U, V) spectral scans
of the line Fe1 617.33 nm consisted of images at 31 wavelength
steps of 2.8 pm, distributed between —30.8 and +53.2 pm from
the line center. We selected the best image-quality scan for fur-
ther analysis. The last scanning step in / at 617.39 nm showed
practically a continuum image. A time series of 53 such images
with a cadence of 56.5 s was used to determine the directions of
PGs’ motions. The spatial sampling was 077059 per pixel.

Data sets 4 and 5 were observed with the GREGOR Infrared
Spectropolarimeter (GRIS, Collados et al. 2012) attached to the
1.5-m GREGOR solar telescope (Schmidt et al. 2012). Data set 4
was retrieved from the GRIS archive provided by the Leibniz-
Institut fiir Sonnenphysik (KIS) Science Data Centre”. The west-
ern part of a roundish leading spot in AR 12674 at u = 0.96 was
scanned on September 3, 2017. The spatial sampling was 0”135
per pixel. Two scans were made between 08:43 and 09:05 UT,
each lasting 10™37°. The spectral region contained Fel lines
1564.85 and 1566.20 nm with a spectral sampling of 4.0 pm. We
used the better-quality second scan for the inversion of these
lines and, because no broadband observations were available,
directions of PGs motions were determined by a visual compar-
ison of two continuum (1566.82 nm) images, derived from the
two scans. The time difference between them was 10M46° but
it was still possible to identify enough PGs appearing in both
images.

Data set 5 was acquired at GREGOR on May 18, 2022. A
complex leading sunspot in AR 13014 at 4 = 0.82 was scanned
with GRIS from 08:29 to 08:48 UT with a spatial sampling of
07135 per pixel. The spectral lines used for the further analysis

' http://sdc.uio.no/sdc/
2 https://archive.sdc.leibniz-kis.de/
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Table 1. Summary of observations.
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Data set 1 2 3 4 5
Date 2006-12-10 2007-05-01 2012-05-05  2017-09-03  2022-05-18
Time UT 11:56-12:57  21:44-22:24  08:11-09:00 08:43-09:05 08:29-08:48
Active region 10930 10953 11471 12674 13014
Position u 0.92 0.99 0.92 0.96 0.82
Instrument SOT-SP SOT-SP CRISP GRIS GRIS
Spectral lines Fe1630.2 Fe1630.2 Fe1617.3 Fe11564.9 Si11082.7
[nm] Fe1630.3 Fe1630.3 - Fe11566.2 Ca11083.9
Sampling 0’16 0716 077059 077135 07135
Inversion code SPINOR-2D SPINOR-2D SIR SIR SIR
T500 nm 0.16 0.16 1.0 1.0 1.0
Broadband G band Continuum Continuum None TiO band
Wavelength 430.9 nm 450.4 nm 617.4 nm - 750.7 nm
Cadence 120 s 30s 56.5s - 547s
Sampling 07109 07054 07059 - 07050

Notes. Position u — cosine of the heliocentric angle; sampling — angular size of a pixel; Tsponm — continuum optical depth, at which the magnetic

field parameters were retrieved from the model atmosphere.

were SiI 1082.71 nm and CaT 1083.90 nm, with a spectral sam-
pling of 1.81 pm. A series of broadband images in the TiO band
at 750.7 nm was observed simultaneously using the Improved
High-resolution Fast Imager (HiFI+, Denker et al. 2023). Its
spatial sampling was 0”705 per pixel and the cadence after data
reduction 5.47 s.

3. Data processing and analysis

Data sets 1-5 come from different instruments and have
different parameters (cf. Table 1); consequently, there is
no unique way to process them. Observations from Hin-
ode (sets 1 and 2) were reduced using the nominal
Hinode/SOT-SP pipeline (Lites & Ichimoto 2013), observations
from SST/CRISP (set 3) were reduced using the CRISPRED
pipeline (de la Cruz Rodriguez et al. 2015), and, to reduce the
GREGOR/GRIS data (sets 4 and 5), the GRISRED? routines
were used.

Inversions of data sets 1 and 2, already done in the frame-
work of the MODEST catalogue, were performed using the
SPINOR code (Frutiger et al. 2000) that relies on the STO-
PRO routines (Solanki 1987) to solve the equations of radia-
tive transfer of polarized light. In particular, MODEST builds
up using the spatially coupled mode of SPINOR-2D (van Noort
2012; van Noort et al. 2013). By these means, during the inver-
sion procedure, we removed the intrinsic effects of the tele-
scope point spread function (PSF) and retrieved height-stratified
information on the solar atmosphere. The inversions were per-
formed with three nodes located at optical depths, log Tsoonm =
[0,—0.8,-2.0]. At these node positions, we retrieved the tem-
perature, the magnetic field strength, B, the inclination, v,
the azimuth, ¢, and the line-of-sight velocity. One node was
used for the microturbulence. Further details and applica-
tions of MODEST can be found in Castellanos Duran (2022),
Castellanos Duran et al. (2023).

The Stokes inversion, based on the response functions code
(SIR, Ruiz Cobo & del Toro Iniesta 1992), was applied to data
sets 3—5. The inversion code was set to allow the line-of-sight
velocity, microturbulence, magnetic field strength, and inclina-
tion to change linearly with the optical depth (two nodes at

3 https://gitlab.leibniz-kis.de/sdc/gris/grisred

log Tsoponm = [1,—3.8]). The linear stratification with height
makes it possible to use the SIR results at log Tsoonm = O,
because the slopes of stratifications of these physical parameters
are determined mainly at optical depths where the line profiles
are most sensitive to physical conditions and not at the actual
positions of the nodes. The temperature was allowed to change
at three nodes at log 7s0onm = [1, —1.9, —3.8] with spline inter-
polation between the nodes and the magnetic field azimuth was
assumed to be constant with the optical depth.

After the inversion of all data sets, the 180° azimuthal
ambiguity was resolved by assuming radial orientation of the
magnetic field in the penumbral filaments and the values of the
magnetic field inclination and azimuth were transformed from
the line-of-sight frame to the local reference frame (LRF) using
routines from the AZAM code (Lites et al. 1995).

According to the semi-empirical model of penumbral fila-
ments proposed by Tiwari et al. (2013), magnetic signatures of
penumbral grains are most conspicuous deep in the photosphere,
below the continuum optical depth, Tsognm = 0.1. For this reason,
the maps of magnetic field strength, inclination, and azimuth
were retrieved from the SPINOR-2D modeled atmospheres at
Ts00nm = 0.16 and from the SIR models at 7509nm = 1. The
middle-node height of the SPINOR-2D inversions was selected
because the information from the Fel pair at 630 nm is bet-
ter constrained at this optical depth (cf. Castellanos Durén et al.
2020). We note that SPINOR-2D accounts for the smearing by
the spatial PSE. As a result, the SPINOR-2D maps at 750 ym = 1
are qualitatively equal to those at T50p,m = 0.16, but seemingly
noisier (see examples of this effect in Castellanos Duran 2022).
The magnetic inclinations were brought to a unified scale 0°—
180°, that is, when the dominant polarity of a sunspot is negative,
vy = 180° —yp and ¢ = ¢g — 180°, where y, and ¢ are original
values. Continuum maps derived from spectral scans were used
to identify PGs.

Time series of broadband images taken simultaneously with
the spectral scans were used to determine the directions of the
PGs’ motions. The TiO-band images in data set 5 were processed
by the sTOOLS software package (Kuckein et al. 2017) with a
frame selection routine that selected the best-quality image of
500 frames taken in a period of ~5.5s (Denker et al. 2018). If
necessary, rigid alignment (data sets 1, 2, 5) and a destretching
together with subsonic filtering (data set 5) were applied to the
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time series to remove image drift due to inaccurate pointing and
image deformation caused by the seeing.

The apparent motions of PGs were determined using the fea-
ture tracking method (Sobotka et al. 1997). Each series of broad-
band images was masked using a binary mask that allows for the
penumbra and removes other parts of the field of view. To isolate
PGs from other penumbral structures, a segmentation algorithm
based on a search for regions with convex intensity profiles was
applied to individual images in the series. The resulting segmen-
tation mask was cleaned from noise using the opening opera-
tor and then it was multiplied by the original image to preserve
the intensities of individual PGs. The feature-tracking procedure
recorded the brightness, position, area, and lifetime of PGs larger
than 9 pixels (16 pixels in data set 5). The trajectories of PGs liv-
ing longer than 8 min (2 min in data set 5) were reconstructed
from the PGs’ intensity maxima positions. The INW and OUT
motions of PGs were distinguished as follows: the PGs move
INW when their trajectories start farther away and end closer to
the estimated geometrical center of the sunspot and move OUT
when the opposite is the case. Examples of the trajectories (green
— INW, red — OUT) are shown in Fig. la, top row, for the data
sets 1 (left) and 5 (right).

At first glance, it would seem that the positions of INW and
OUT PGs determined by feature tracking can be directly trans-
ferred onto magnetic inclination maps to compare 7y inside PGs
and in their surroundings. However, this approach is not possible
because the structures in the spectropolarimetric scans and in the
series of broadband images are not synchronized in time. Differ-
ent parts of the scans are taken at different times. Furthermore,
several PGs may be tracked at different times in similar loca-
tions in the broadband images. We can only associate the mag-
netic inclination map with those PGs that were present when the
given part of the map was scanned. This problem can be solved
by visual identification of PGs in continuum maps derived from
the spectral scans and the use of feature-tracking results merely
to distinguish the INW PGs from the OUT PGs. A local correla-
tion tracking (LCT, November & Simon 1988) was also used for
this purpose as a complementary method.

We selected the PGs visually in continuum images magni-
fied two times (except for data set 3 where the spatial sam-
pling is more than twice as fine as in the rest of the data sets)
and enhanced by unsharp masking. The selected PGs had to
be clearly recognized as the bright heads of penumbral fila-
ments. Moreover, they had to be located in regions with a well-
defined direction of PGs’ motion to differentiate between the
INW and OUT PGs, and the local azimuth, ¢, had to be ori-
ented parallel to the local direction of penumbral filaments. In
data set 4, where the broadband observations were missing, the
PGs’ motions were estimated by comparison of the PGs’ posi-
tions in the two continuum maps (cf. Sect. 2). The positions of
selected PGs (green — INW, red — OUT) are shown in Fig. 1b
(middle row) for data sets 1 and 5. The inward-moving PGs are
located mostly in the inner penumbra and the outward-moving
ones in the outer penumbra. Total numbers of the selected INW
and OUT PGs in each data set are listed in Table 2.

The magnetic field inclination in PGs was retrieved from the
LRF inclination maps. Here, the PGs are represented by line
segments with a length, /, and centers at the positions selected
in continuum images. The orientation of the line segments was
determined by the local magnetic field azimuth. The inclination,
vpG, 1s the mean of values along the line segment in the inclina-
tion map. The inclination, s, in the surroundings of each PG was
measured along two parallel lines of the same length, /, placed
on opposite sides at a distance, d, from the PG line segment.
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Inclination maps of data sets 1 and 5 together with the positions
of line segments (INW PGs — green, OUT PGs — red, surround-
ings — white) are depicted in Fig. 1c, bottom row. We can see
in the figure that the selected PGs mostly coincide with the ends
of elongated regions with an increased inclination, which is con-
sistent with the models of filaments proposed by Tiwari et al.
(2013).

The mean inclinations along the two surrounding lines were
compared to ypg. We define three classes used in this compar-
ison. Class —1: ypg < 7s, that is, the inclination in a PG is
smaller than the inclinations in the surroundings on both sides
(the magnetic field is more vertical in the PG than in the sur-
roundings). Class O: unsolved cases, when ypg lies between the
values of inclination on the sides or it is equal to one of them
or to both. Class 1: ypg > 7vs, that is, the inclination in a PG
is larger than the inclinations in the surroundings on both sides
(the magnetic field is more horizontal in the PG than in the
surroundings).

4. Results

We study the frequencies of occurrence of the INW and
OUT PGs in the three classes of magnetic inclination defined
above. According to the previous works (e.g., Muller 1973;
Sobotka et al. 1999; Zhang & Ichimoto 2013), the length of PGs
is 076-2" and their width 07’3-0"’5. These values can be used
for an initial estimate of the parameters [ and d introduced in
Sect. 3. Because the typical size of structures in the inclination
maps varies from one data set to another, the parameters / and
d have been refined to minimize the number of unsolved cases
(class 0). Numbers of PGs falling into the three classes, together
with the used values of the parameters, are listed in Table 2 for
each data set. In Fig. 1c, PGs belonging to class 1 (class —1) are
marked by small squares (dots) at the inner ends of the green or
red line segments, respectively. The absence of symbols means
class 0.

It can be seen from Table 2 that the inward-moving PGs fall
most frequently into class 1 and least frequently into class —1.
This means that the cases where the magnetic inclination in INW
PGs is larger than that in the surroundings are statistically domi-
nant. Unresolved cases (class 0) dominate in the data set 3 but the
number of class 1 PGs is still larger than that of class —1 ones.
The outward-moving PGs fall most frequently into class —1 and
least frequently into class 1, so that the statistically dominant sit-
uation is when the magnetic inclination in OUT PGs is smaller
than that in the surroundings.

A histogram of the relative frequencies of occurrence in the
three classes for the whole sample of INW and OUT PGs is plot-
ted in Fig. 2. Of 444 inward-moving PGs, 43.3% have a mag-
netic inclination larger than that in their surroundings, 21.8%
smaller, and 34.9% are unsolved cases. Of 269 outward-moving
PGs, 50.5% have an inclination smaller than that in their sur-
roundings, 18.6% larger, and 30.9% unknown. We can conclude
that approximately one half of observed PGs comply with the
hypothesis proposed by Sobotka & Puschmann (2022), where
vpg > 7vs for INW PGs and ypg < 7y for OUT PGs, while
only approximately one fifth of the observed PGs are inconsis-
tent with that.

Individual PG class distributions based on the radial location
within the penumbra, disregarding the direction of motion, are
shown in Fig. 3. Data sets 1-4 obtained for approximately reg-
ular sunspots were used to make the histogram. The distances
of PGs from the umbra-penumbra boundary in each individual
penumbra were normalized to a common relative scale from 0O to
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Fig. 1. Left: Data set 1 (AR 10930); right: Data set 5 (AR 13014). From top to bottom: (a) Trajectories of inward-moving (green) and outward-
moving (red) PGs found by feature tracking from the series of broadband images. Arrows point to the disc center. (b) Positions of visually selected
PGs (green, red) in the enhanced continuum images. (c) Maps of LRF magnetic inclination (0°-180°) together with line segments (green, red)

representing PGs. White lines show locations where the surrounding inclination was measured. Square symbols at the ends of green/red line
segments mark class 1 PGs and dots class —1 ones.

1 (inner to outer penumbral boundary). It can be seen that class 1
PGs are concentrated mainly in the inner penumbra, class —1 in
the outer penumbra, and class 0 (unsolved cases) are distributed
everywhere, but most frequently in the middle penumbra. This

is consistent with the semi-empirical models of penumbral fila-
ments by Tiwari et al. (2013).

The inward-moving PGs complying with ypg > v, (class 1)
are observed mainly in the inner penumbra where, according to
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Table 2. Numbers of penumbral grains (PGs) in classes —1, 0, 1.

PGs Data  Parameters #PGs in class
type set l d Total -1 0 1
INW 1 0780 0756 102 25 27 50
2 0764 0740 113 22 42 49
3 0759 0747 97 24 39 34
4 0754 0747 52 14 18 20
5 0754 047 80 12 29 39
All - - 444 97 155 192
OouT 1 0780 0’56 90 48 21 21
2 0764 0748 48 25 14 9
3 0759 0747 63 30 22 11
4 0754 0747 24 13 8 3
5 0754 0747 44 20 18 6
All - - 269 136 83 50

Notes. INW — inward-moving PGs; OUT — outward-moving PGs;
[ —length of a line segment representing a PG, along which the mean
inclination, ypg, is measured; d — distance from a PG, at which the mean
surrounding inclination, s, is measured. Class —1: ypg < 7;; class O:
unsolved cases; class 1: ypg > ¥s.
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Fig. 2. Comparison of the magnetic field inclinations, ypg, of all 713
PGs to the surrounding inclinations, y,. Class —1: ypg < 7s; class O:
unsolved cases; class 1: ypg > y,. Green — inward-moving PGs; red —
outward-moving PGs.

the LRF inclination maps, the surrounding magnetic inclination,
s, varies between 35° and 65° and the INW PGs are, on aver-
age, more inclined by 8° + 4° with respect to the surrounding
inclination. The outward-moving PGs complying with ypg < s
(class —1) appear mainly in the outer penumbra, with y, being
in the range 65°-90°, and they are less inclined by —13° + 7° on
average. The minority classes, class —1 for INW PGs and class 1
for OUT PGs, are observed in regions with y; between 60° and
95° and their average differences in inclinations, ypg — s, are
—12° + 7° and 10° + 6°, respectively. In spite of diverse instru-
ments, observing parameters, spectral lines, and inversion codes,
the individual results obtained from data sets 1-5 are similar
each to other and are well represented by the above values.

5. Discussion and conclusions

Penumbral filaments are observed everywhere in the penum-
bra and their bright heads, PGs, host upflows of hot gas from
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ative distances in the penumbra (0: inner penumbral boundary, 1: outer
penumbral boundary). The colors mark class —1 (red), class O (black),
and class 1 (green).
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Fig. 4. Sketch of statistically dominant inclinations of inward-moving
(green) and outward-moving (red) PGs and the inclination of the sur-
rounding penumbral magnetic field. Green and red arrows show the
directions of apparent motions of PGs and magenta arrows depict rising
flows of gas.

sub-photospheric layers. Tiwari et al. (2013) found that the fil-
aments have essentially the same structure, particularly in the
PGs, which are places where the magnetic inclination along the
filament is the most vertical, around 50°. Nevertheless, this is
valid only for the filaments themselves, because conditions in
their surroundings vary substantially with radial distance from
the umbra. In particular, y; increases from approximately 35° at
the umbra-penumbra boundary to about 90° at the penumbra-
granulation border. This increase is weaker for ypg according to
our observations, as seen from the average differences, ypg—ys =
8° in the inner penumbra and —13° in the outer one. This is illus-
trated in a schematic sketch in Fig. 4. Our results are consistent
with Tiwari et al.’s picture of penumbral filaments and extend it,
including the apparent motion of PGs.

We utilized five data sets of high-resolution spectropolari-
metric observations obtained with one space-born and two large
ground-based telescopes to examine the relation between the
magnetic field inclination in and around PGs and the direc-
tion of the apparent motion of PGs. Sobotka & Puschmann
(2022) suggest (cf. Sect. 1) that when the magnetic inclina-
tion of a PG is more horizontal than that in its surround-
ings, the PG moves INW, toward the umbra, and when it
is more vertical, the PG moves OUT, away from the umbra
(Fig. 4). We find that approximately one half of 713 PGs under
study really move according to this scenario. On the other
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hand, approximately one fifth of PGs show opposite directions
of motions and in approximately 30% of PGs, the relation
between magnetic inclinations in PGs and their surroundings is
unclear.

There may be several reasons for this uncertainty. In some
cases, the spatial resolution may not suffice to discern subtle
variations of Stokes parameters in and around PGs, particularly
in the inner penumbra where magnetic structures are packed
more tightly than in the outer one. In the middle penumbra,
the difference of magnetic inclinations in and around PGs is
expected to be small and may be unresolved (cf. Figs. 3 and 4).
Moreover, the accuracy of the inversion results, among them y
and ¢, depends on the number of used spectral lines. For this
reason, data set 3 has a large number of class 0 (unsolved) INW
PGs because only one photospheric line is available, unlike two
lines in the other data sets. Observations at the 4-metre class
telescopes (Inouye Solar Telescope and European Solar Tele-
scope) should provide more data with better spatial resolution
and polarimetric accuracy.

Our observational results show a statistical relation between
the direction of apparent motions of PGs, which are locations
of rising hot gas from sub-photospheric layers, and the inclina-
tion of the surrounding magnetic field in the sunspot penumbra.
Numerical simulations of penumbral convection are needed to
verify that.
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