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Abstract

This study investigates penumbrae and light bridges based on photospheric and chromo-
spheric flow fields and photospheric magnetic fields in active region NOAA 13096. The
improved High-resolution Fast Imager (HiFI+) and the GREGOR Infrared Spectrograph
(GRIS) acquired high-resolution imaging and spectropolarimetric data at the 1.5-meter
GREGOR solar telescope at the Observatorio del Teide, Izaña, Tenerife, Spain. Background-
Subtracted Activity Maps (BaSAMs) have been used to locate areas of enhanced activity,
Local Correlation Tracking (LCT) provides horizontal proper motions, and near-infrared
full-Stokes polarimetry offers access to magnetic fields and line-of-sight velocities. The re-
sults show that the decaying active region is characterized by a triangular region between
the three leading, positive-polarity sunspots with unfavorable conditions for penumbra for-
mation. This region has a spongy appearance in narrow-band Hα images, shows signs of en-
hanced activity on small spatial scales, is free of divergence centers and exploding granules,
lacks well-ordered horizontal flows, has low flow speeds, and is dominated by horizontal
magnetic fields. Umbral cores are inactive, but the interface between pores and penumbral
filaments often shows enhanced activity. Moat flows and superpenumbrae are almost always
observed, when penumbral filaments are present, even in very small penumbral sectors.
However, evidence of the moat flow can also be seen around pores, surviving longer than
the decaying penumbral filaments. Light bridges have mainly umbral temperatures, reaching
quiet-Sun temperatures in some places, show strong intensity variations, and exhibit weak
photospheric horizontal flows, while narrow-band Hα flow maps show substantial inflows.
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1. Introduction

Solar active regions consist of a variety of features caused by rising magnetic flux with
various field strengths, lifetimes, and spatial dimensions. Magnetic knots are granule-sized
dark patches caused by relatively weak field strengths in the order of several 100 G and
up to kilo-Gauss fields (Frazier and Stenflo 1978; Solanki 1993). Pores are larger in size
with stronger fields in the range of 600 G – 1800 G (Sütterlin 1998; Verma and Denker
2014), which is approximately the observed field strength at the outer edge of the penumbra
(Livingston 2002). The penumbra is the differentiating feature between pores and sunspots
(Rucklidge, Schmidt, and Weiss 1995; Leka and Skumanich 1998). The field strength in
the umbral cores of sunspots is in the range of 1800 G – 3700 G (Livingston 2002). In-
flows can be observed at the borders of the pores, and the region connecting positive and
negative-polarity typically contains large divergence centers caused by expanding granules.
The transition from pore to sunspot is characterized by a variety of flows. For example, the
moat flow (Vargas Domínguez et al. 2008), where the flow field is axially symmetric for
sunspots with a fully developed penumbra (Löhner-Böttcher and Schlichenmaier 2013), ex-
hibits a significant east–west asymmetry because of the sunspot’s motion as a whole relative
to the surroundings (Verma, Kummerow, and Denker 2018). This asymmetry can be modi-
fied by the tilt angle of the active region and the presence of plage in the surroundings. Even
in light of these detailed descriptions of sunspot penumbrae, many questions remain open:
How do penumbral filaments become a stable feature of sunspots? How are Evershed and
moat flows connected to penumbral filaments and where do the flows terminate? Does the
magnetic-field topology have an impact on penumbra formation and decay?

Light bridges appear as bright, long, and mostly narrow structures in the umbra. They
are associated with the formation or decay of active regions, and recent simulations have
shown that they form as a consequence of plasma intrusions at a certain depth, which are
successively transported to the surface by upflows (Panja, Cameron, and Solanki 2021).
According to Liu and Liu (2015), light bridges can be distinguished from the surrounding
umbra by their weaker and more inclined fields. Therefore, it is necessary to consider the
umbra and light bridges as two different systems. Jing et al. (2023) emphasized that the
appearance and magnetic properties of light bridges depend on how much they are squeezed
by the surrounding umbral magnetic field. The formation of light bridges has been linked to
plasma ejections and chromospheric Hα surges (Roy 1973; Bharti, Joshi, and Jaaffrey 2007;
Pietrow et al. 2022), adding them to the list of possible chromospheric heating mechanisms.
After becoming visible at the surface, light bridges extend as a canopy structure into higher
atmospheric layers. Several questions related to the relationship between sunspots and light
bridges require further investigation: How do the appearance and evolution of light bridges
affect the formation or decay of a penumbra? How do the physical properties of light bridges,
such as temperature, change with the evolutionary stage of the sunspot?

This study investigates flows and magnetic fields in a complex active region with three
leading sunspots containing light bridges, observed in several spectral regions covering the
photosphere and chromosphere. Besides imaging data, spectropolarimetric data are ana-
lyzed. The observations and data processing are described in Section 2. The results of the
data analysis are presented in Section 3, and their discussion follows in Section 4. Section 5
summarizes the findings of this study and emphasizes the need for further investigations of
magnetic and flow fields in and around active regions.
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2. Observations and Data Reduction

This section describes the recording, reduction, and analysis of high-resolution data from
the 1.5-meter GREGOR solar telescope (Schmidt et al. 2012; Kleint et al. 2020) and synop-
tic data from the Solar Dynamics Observatory (SDO, Pesnell, Thompson, and Chamberlin
2012). In addition, it includes details on instruments, observing settings, and methods.

2.1. Observations

The high-resolution observations were carried out with the GREGOR telescope at Observa-
tory del Teide, Izaña, Tenerife, Spain from 07:44 UT to 09:14 UT on 2022 September 9. The
GREGOR Adaptive Optics System (GAOS, Berkefeld et al. 2012) provided real-time image
correction of images and spectra. The updated “sTools” data processing pipeline (Kuckein
et al. 2017) was used for image processing and image restoration. The observations focused
on the leading part of the active region NOAA 13096. The region was classified by the
SolarMonitor (Gallagher, Moon, and Wang 2002) web service1 as a β-region according to
the Mount Wilson classification (Hale et al. 1919). The GREGOR observations covered the
three leading, positive-polarity sunspots with a partial penumbra, while the trailing negative-
polarity sunspot with a complete penumbra was not included because of the limited field-
of-view (FOV) of the GREGOR instruments and the required high cadence, which ruled out
taking a mosaic of the active region. At the time of the observations, the active region was
located at a heliocentric angle corresponding to μ = cos θ = 0.77.

Synoptic data were provided by the Helioseismic and Magnetic Imager (HMI, Scher-
rer et al. 2012; Schou et al. 2012) onboard SDO. Standard data processing routines were
used for the conversion of Level 1.0 to Level 1.5 data. Accordingly, the initial pixel scale
of 0.5′′ pixel−1 of HMI data was adjusted to 0.6′′ pixel−1. Further processing of HMI con-
tinuum images and magnetograms was carried out as described in Beauregard, Verma, and
Denker (2012) and Verma (2018), which includes the correction for solar differential ro-
tation. Figure 1 displays continuum images and magnetograms at the beginning and end
of the high-resolution observations. The FOV is 120′′ × 120′′ or 200 × 200 pixels, and the
heliocentric-Cartesian coordinates are given for the center of the FOV. The continuum and
magnetograms were recorded at a cadence of 45 s. The magnetograms are displayed in the
range of ± 1000 G. Geometrical foreshortening was not corrected, since the FOV is small.
A four-day time-series of continuum images and magnetograms with a one-hour cadence is
provided as online material using 08:00 UT on 2022 September 9 as the reference time.

2.1.1. Improved High-Resolution Fast Imager

The improved High-resolution Fast Imager (HiFI+, Denker et al. 2023a) has six imaging
channels for high-resolution solar observations. The instrument successfully passed com-
missioning and science verification in early 2022 and has since then entered routine ob-
servations as one of GREGOR’s facility instruments. This is one of the first case studies
utilizing HiFI+ as a primary data source. The six channels feature various filters, which
cover diagnostically important spectral regions, enabling synchronized high-cadence pho-
tospheric and chromospheric observations. Sets of 500 short-exposure images are acquired
at frame rates of 49 Hz and 100 Hz depending on the camera model (Imager sCMOS and
Imager M-lite 2M), but only the best 100 images are kept for image restoration. Details of
the interference filters and of the detectors and their spectral coverage are listed in Table 1.

1www.solarmonitor.org.

https://www.solarmonitor.org/
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Figure 1 Synoptic HMI continuum images (top) and magnetograms (bottom) showing the evolution of active
region NOAA 13096 from 07:44 UT (left) to 09:14 UT (right) on 2022 September 9. The FOV is 120′′ ×120′′

(major tick marks are separated by 30′′), and the heliocentric-Cartesian coordinates provided in the bottom-
left corners of the magnetogram panels refer to the center of the FOV. The magnetograms are displayed in
the range of ± 1000 G, where positive and negative polarities are shown in white and black, respectively.
The black rectangles refer to the high-resolution observations with GREGOR (see Figure 2). A time-series of
these data is provided as online material.

The two channels of the HiFI+ No. 1 Imager sCMOS camera system observe the photo-
sphere in the Fraunhofer G-band (Sánchez Almeida et al. 2001) and in the blue continuum,
which is strictly not pure continuum, but a spectral region where the line density is small
(Denker et al. 2023a). The larger detector format and the camera interface result in an image
acquisition rate of 49 Hz, and thus the cadence is 12 s for datasets used in image restora-
tion. The four channels of the HiFI+ No. 2 and No. 3 Imager M-lite 2M camera systems
observe chromospheric Ca II H images (Carlsson, De Pontieu, and Hansteen 2019), broad-
and narrow-band chromospheric Hα images (Cauzzi et al. 2009; Leenaarts, Carlsson, and
Rouppe van der Voort 2012; de la Cruz Rodríguez et al. 2019), and photospheric TiO im-
ages (Riethmüller et al. 2008). The image acquisition rate for these cameras is 100 Hz, and
thus the cadence is 6 s for datasets used in image restoration. The Ca II H camera is located
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Table 1 Characteristics of HiFI+ interference filters and cameras (see Tables 1 & 2 in Denker et al. 2023a).

Ca II H G-band Blue continuum Hα TiO

Wavelength λ 396.8 nm 430.7 nm 450.6 nm 656.3 nm 705.8 nm

Passband �λ 1.080 nm 1.120 nm 1.150 nm 0.750 nm 0.946 nm

Diffraction limit λ/D 0.057′′ 0.062′′ 0.065′′ 0.094′′ 0.101′′

Max. transmission 63.8% 54.4% 64.5% 70.0% 68.8%

Plate scale 4.25′′ mm−1 8.50′′ mm−1

Pixel scale 0.025′′ pixel−1 0.028′′ pixel−1 0.050′′ pixel−1

FOV 48.2′′× 30.8′′ 70.7′′× 59.6′′ 76.5′′× 60.5′′

Number of pixels 1936 × 1216 2560 × 2160 1536 × 1216

Frame rate 100 Hz 49 Hz 100 Hz

in the blue arm of HiFI+ so that the full detector size can be used because of the smaller
plate scale. In the red arm of HiFI+, a smaller part of the detector is used because the beam
diameter is limited to 100′′. A Halle Lyot filter with a bandpass of 60 pm is used to isolate
the line core of the strong chromospheric Hα absorption line.

An overview of HiFI+ observations is presented in Figure 2 displaying Ca II H, G-
band, blue continuum, broad- and narrow-band Hα, and TiO speckle-restored images. The
data were recorded at about 08:35 UT under good seeing conditions. The common region-
of-interest (ROI), which encompasses three small sunspots with rudimentary penumbrae
surrounded by various pores, is used for further data analysis.

2.1.2. GREGOR Infrared Spectrograph

The spectropolarimetric data were taken with the GREGOR Infrared Spectrograph (GRIS,
Collados et al. 2012), a slit-spectrograph capable for full Stokes vector polarimetry. GRIS
was updated in 2022, when two spectral channels for multi-wavelength observations were
introduced, facilitating spectropolarimetric observations in the 1.0 – 1.8 μm range and spec-
troscopic observations in the 2.0 – 2.3 μm range (Quintero Noda et al. 2022; Regalado Oli-
vares et al. 2022). The spectropolarimetric observations on 2022 September 9 focused on
the 1083 nm spectral range, which covers three magnetically sensitive spectral lines, that is,
the photospheric Si I line at 1082.7 nm (Bard and Carlsson 2008), the deep photospheric
Ca I line at 1083.9 nm, and the chromospheric He I triplet at 1083.0 nm (Avrett, Fontenla,
and Loeser 1994). The observations were carried out using the long-slit mode. The number
of spectral points was n = 1010, and the spectral sampling was 1.79 pm pixel−1. Two scans
were taken with 400 scan steps. The step size was about 0.13′′. The pixel scale along the slit
was about 0.13′′ pixel−1. This resulted in a FOV of about 52.0′′ ×56.6′′. The integration time
used for each slit position was 100 ms with ten accumulations at each scan step. Each scan
took approximately 40 min. The first and second scans began at 07:44 UT and 08:35 UT,
respectively. However, only the second scan is discussed in the following because the AO
lost lock during the scan, resulting in a displacement of the observed FOV.

2.2. Data Reduction

2.2.1. Improved High-Resolution Fast Imager

The HiFI+ data were split into two time-series covering the time periods from 07:44 UT to
08:24 UT and from 08:35 UT to 09:14 UT due to a gap in the observations. Each set of 100
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Figure 2 Speckle-restored
images of three sunspots obtained
by the six HiFI+ cameras at
about 08:35 UT on 2022
September 9, that is, Ca II H
(top-left), G-band (top-right),
blue continuum (middle-left),
broad-band Hα (middle-right),
narrow-band Hα (bottom-left),
and TiO (bottom-right) images.
A common ROI of 50′′ × 60′′

(major tick marks are separated
by 10′′) was extracted from the
full FOV, except for the Ca II H
image, where the ROI covers
only 25′′ × 30′′ . The red
rectangle in the G-band image
indicates the location of the
Ca II H FOV. The red contours in
the narrow-band Hα and TiO
images outline the umbrae based
on the TiO image, where an
intensity threshold of 0.7 I/I0 of
the normalized quiet-Sun
intensity was used. The contours
in the bottom-right panel refer to
umbra borders (purple), inflow
regions at umbra borders
(yellow), penumbrae (green),
moat flow regions (blue), which
were used to determine flow
velocities. The orange crosses
indicate the center of the umbrae.
A time-series of these data is
provided as online material.

short-exposure images was restored with the triple correlation or speckle masking technique
(Lohmann, Weigelt, and Wirnitzer 1983; Weigelt and Wirnitzer 1983; de Boer 1993; von der
Lühe 1993). The sTools data processing pipeline provides an interface to the Kiepenheuer
Institute Speckle Interferometry Package (KISIP, Wöger and von der Lühe 2008; Wöger,
von der Lühe, and Reardon 2008). The restored HiFI+ images were normalized such that
the quiet-Sun intensity is unity. Rigid image motion was removed using the two-dimensional
cross-correlation between the images and the average image of the time-series. Applying a
Lee filter (Lee 1986) smoothes these images and removes the signature of the granulation so
that only the position of the major sunspots enters in the cross-correlation. Differential image
motion was removed with a destretching algorithm using a 128×128-pixel kernel in the first
pass and a 64×64-pixel kernel in the second pass. A sliding average of nine images, centered
on the image to be destretched, was used as a reference. Finally, a subsonic filter is applied
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to the aligned and destretched image cube, taking into consideration the respective plate
scales, cadences, and cut-off velocities. The cut-off velocities were chosen as 4 km s−1 for
photospheric time-series and 15 km s−1 for chromospheric time-series. This step removes
intensity variations caused by, for example, the five-minute oscillations.

The G-band time-series was used as a reference to align (translation and rotation) the
blue continuum, broad-band Hα, and TiO time-series, since the information content of the
mainly photospheric images is similar. Image restoration with Multi-Object Multi-Frame
Blind Deconvolution (MOMFBD, Löfdahl 2002; van Noort, Rouppe van der Voort, and
Löfdahl 2005) requires mechanical alignment of the broad- and narrow-band Hα channels
with high accuracy. The technical details for the precise alignment of the cameras are de-
scribed in Section 2.3 of Denker et al. (2023a). As a consequence, no additional alignment
step is needed for the narrow-band Hα time-series. Finally, the smaller FOV of the Ca II H
time-series made use of the locations of two sunspots and one pore within the reduced FOV.
In addition, the AO lock point jumped 10 min before the end of the first time-series, intro-
ducing a shift of the FOV larger than the cumulative shifts due to random image motions
throughout the time-series. All these factors limited the common FOV of the time-series to
55′′ × 65′′. However, for display purposes, this FOV was further cropped to 50′′ × 60′′ and
25′′ × 30′′ for Ca II H as shown in Figure 2.

The concept of Background-subtracted Solar Activity Maps (BaSAMs) was introduced
by Denker and Verma (2019). These maps are computed to detect variations in and around
sunspots and pores and to identify locations where significant intensity and magnetic field
changes occur. This technique collapses an entire time-series into a two-dimensional map,
subtracting an average map from individual maps before averaging the resulting maps.
Two-dimensional BaSAMs are an effective quantitative tool for visualizing and identify-
ing locations where significant changes occur, as demonstrated by Verma et al. (2012) and
Verma et al. (2020), where BaSAMs were applied to HMI LOS magnetograms and ultra-
violet images acquired with the Atmospheric Imaging Assembly (AIA, Lemen et al. 2012)
on board SDO. Recently, Kamlah et al. (2023) showed the first application of BaSAMs to
high-resolution data of three pores and a light bridge, and Denker et al. (2023b) extended
the BaSAM concept to imaging spectroscopic data.

Horizontal proper motions are measured using Local Correlation Tracking (LCT,
November and Simon 1988), which is applied to the high-resolution data as described in
Verma and Denker (2011). The horizontal velocities for each pixel in the FOV are computed
over image tiles with a size of 2.2′′ × 2.2′′, corresponding to about 1600 km × 1600 km on
the solar surface. A Gaussian kernel with full-width-at-half-maximum (FWHM) of 1200 km
is applied to the image tiles to track granule-sized structures. The size of the sampling win-
dow and the width of the Gaussian kernel were kept the same in this study, regardless of the
observed solar features and the chosen wavelength channel. Images, separated in time by
�t = 6 × 6 s = 36 s (Ca II H, broad- and narrow-band Hα, TiO) and �t = 3 × 12 s = 36 s
(blue continuum and G-band), are used for the LCT computation. The computed flow vec-
tors are averaged over the duration of each time-series, that is, �T = 40 min, which mini-
mizes contributions by granules, revealing persistent flow patterns.

2.2.2. GREGOR Infrared Spectrograph

The initial GRIS data reduction takes place on-site using Version 8 of the GRIS data pipeline
(Manuel Collados, private communication). This process includes several steps, such as
dark-frame subtraction, flat-field correction, crosstalk removal, and calibration of the po-
larization modulator (Collados 1999). Subsequent data reduction steps, such as wavelength
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calibration and correction for the spectrograph profile, among others, follow the descrip-
tions provided in Verma et al. (2016, 2018). The “Stokes Inversion based on Response func-
tions” (SIR, Ruiz Cobo and del Toro Iniesta 1992) code was employed to invert spectra
of the second scan. The data analysis focuses on the photospheric Si I line at 1082.7 nm
(geff = 1.5). The initial model for the Si I line encompasses the optical depth range of
+1.0 ≤ log τ ≤ −5.4. A limb-darkening factor was incorporated in line with Equation 10
in Pierce, Slaughter, and Weinberger (1977). A constant macroturbulence value of 1 km s−1

was assumed. In addition, a fixed stray light contribution of one percent was applied, with
this choice acting as a lower limit (Balthasar et al. 2016). The inversions yielded the tem-
perature stratification using three nodes T (τ), while the total magnetic flux density Btot,
the magnetic-field inclination γ and azimuth φ, and the Doppler velocity vLOS remained
constant with height, that is, each of these physical parameters has only one node. Pixels
with a circular and linear degree of polarization below 0.2% were excluded from any sub-
sequent magnetic-field analysis. The magnetic azimuth ambiguity was solved by using the
best matching Spaceweather HMI Active Region Patch (SHARP, Bobra et al. 2014) as initial
estimate and then smoothing the azimuth map with iteratively larger windows from a size
of 3 × 3 pixels up to a size of 23 × 23 pixels. Azimuth angles were flipped by 180◦, if in
70% of the cases the scalar product between the azimuth angle and all other azimuth angles
in the window was larger than 180◦.

In addition to the SIR results, the LOS velocities and line-core intensities of the Si I, Ca I,
and He I lines were derived using the Fourier phase method (Schmidt, Stix, and Wöhl 1999).
For the He I triplet, only the red component was fitted. The average velocity of dark umbral
cores served as the reference for the zero point of the LOS velocities. Figure 3 compiles
a sample of slit-reconstructed GRIS maps, depicting the mean continuum intensity, the Si
I line-core intensity, the Si I LOS velocity, and the He I line-core intensity for the second
GRIS scan starting at 08:35 UT. All three sunspots of leading polarity are contained in the
GRIS FOV.

3. Results

In this section, the morphology and temporal evolution of the active region are studied using
time-series of synoptic and high-resolution data. The magnetic connectivity of the active
region is investigated, and horizontal proper motions and LOS velocities are combined to
study the three-dimensional flow field in and around the sunspots.

3.1. Morphology

The combination of spectral bands observed with HiFI+ allows us to analyze the solar
atmosphere at different heights, ranging from the photosphere to the chromosphere. The
inclusion of SDO HMI continuum images and magnetograms further extends the analysis.
Doppler velocities can be studied by using spectropolarimetric GRIS data covering the deep
photosphere, the photosphere, and the chromosphere.

On 2022 September 6, active region NOAA 13096 was close to the eastern limb and was
identified as an α-region according to the Hale classification (Hale et al. 1919) and as an
Hsx-region according to the McIntosh classification (McIntosh 1990). The leading positive-
polarity sunspot was almost completely encircled by a penumbra and was followed by two
small pores of positive polarity. By the next day, the active region had grown in size, with
the trailing negative-polarity sunspot forming a penumbra and new pores appearing in the
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Figure 3 Slit-reconstructed GRIS maps at 08:35 UT of the mean continuum intensity (top-left), the Si I line-
core intensity (top-right), the Si I LOS velocity (bottom-left), and the He I line-core intensity (bottom-right).
The physical parameters are scaled as follows: continuum intensity I/I0 ∈ [0.5, 1.1], Si I line-core intensity
I/I0 ∈ [0.3, 0.6], Si I LOS velocity ± 2 km s−1, and He I line-core intensity I/I0 ∈ [0.5, 1.0]. The FOV is
52.0′′ × 56.6′′ , and major tick marks are separated by 10′′ .

leading part. The typical separation of opposite polarities, as seen in regions with new flux
emergence, was present, with a clockwise rotation of the trailing sunspot.

On September 8, the continuous flux emergence between the two polarities of the active
region led to its classification as a β- and Dso-region. Visual inspection of HMI and HiFI+
time series (see animations of Figures 1 and 2) already revealed that the leading positive-
polarity sunspot was surrounded by the moat flow (Vargas Domínguez et al. 2008), which
became more pronounced once the sunspot moved into the center of a supergranule at about
10:00 UT. The two smaller sunspots of leading polarity showed signs of the moat flow only
where the rudimentary penumbra had formed. The trailing sunspot also appeared to be lo-
cated in the center of a supergranule a day later, which was accompanied by an increase in
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moat flow. A C-class flare occurring in an adjacent active region at 17:00 – 18:00 UT coin-
cided with a simplification of the magnetic configuration, that is, mixed polarities separated
and a negative-polarity patch to the east of the leading sunspots started to decay.

By September 9, active region NOAA 13096 reached its maximum size, with 130 mil-
lionths of a solar hemisphere. The leading polarity had gained two more sunspots with rudi-
mentary penumbra at about 02:00 UT. Throughout its entire evolution, from its appearance
on the limb until the beginning of the high-resolution observations, no penumbra formed in
the region between the leading sunspots of the same polarity facing each other (see Künzel
1969). The two polarities of the region continued to separate, leading to the formation of
more pores of negative polarity. High-resolution GREGOR observations on September 9
followed the evolution of the region. By September 10, the region was classified as a Dai-
region. On the following day, the leading-polarity sunspots had disappeared, leaving only a
trailing sunspot with a partial penumbra. Pores in the trailing region persisted until Septem-
ber 12. By September 16, just before the region rotated off the disk, only patches of opposite
polarity were still visible in magnetograms, with no evidence of dark features or pores in the
continuum.

3.1.1. Photospheric Evolution

For a more structured discussion of the leading part of active region NOAA 13096, the high-
resolution GREGOR observations on September 9 are divided into three smaller regions-of-
interest (ROIs), highlighted in the middle-left panel of Figure 2. The overall appearance of
the high-resolution photospheric observations (that is, G-band, blue continuum, Hα broad-
band, and TiO images) is quite similar. All dark umbrae show umbral dots, and the FOV is
covered by small-scale bright points, as seen in all photospheric channels except the blue
continuum channel. The umbral dots and bright points are more pronounced in TiO images,
where bright points are seen extending from sunspot No. 3 towards the trailing negative
polarity region, which is not covered by the FOV. In addition, the dynamics and variability
in the FOV are also well captured by the Hα broad-band channel, despite the lower contrast
compared to the other photospheric channels.

The leading sunspot No. 1 is surrounded by a penumbra, except for the inner part facing
sunspots No. 2 and 3. In the region between the three sunspots, none of them formed a
penumbra at any time. In addition, two pores are located in the vicinity of sunspot No. 1,
one in the north at coordinates (40′′, 24′′) and the other at (38′′, 20′′), separated from the
sunspot by a light bridge. During the GREGOR observations, the penumbra remained stable
and no major changes were observed.

Sunspot No. 2 at coordinates (12′′, 20′′) has a rudimentary penumbra, which formed
along the eastern edge of the sunspot, limited to a segment of about 4′′. The sunspot is
separated from its neighboring pore at coordinates (14′′, 17′′) by a light bridge and has two
dark knots below at coordinates (10′′, 11′′) and (6′′, 14′′), which remained stable during the
GREGOR observations.

Sunspot No. 3 also developed only a rudimentary penumbra at the eastern edge of the
sunspot. The sunspot umbra split up at 8:13 UT and formed a light bridge at coordinates
(24′′, 36′′). Besides the formation of a light bridge, this ROI appears in a stable configuration
and small features remain visible during GREGOR observations, that is, two tiny pores at
coordinates (30′′, 38′′) and (34′′, 38′′).

3.1.2. Chromospheric Evolution

In the chromospheric broad-band Ca II H images, the typical photospheric granulation pat-
tern is still visible. The FOV includes sunspot No. 3 and partially sunspot No. 2. The in-



Impact of Magnetic and Flow Fields on Penumbrae and Light Bridges. . . Page 11 of 27 144

tergranular lanes appear mostly bright in regions directly associated with flux emergence
(bottom-left quadrant of the FOV) or in the regions between the two sunspots (bottom-right
quadrant of the FOV). The overall size and shape of the observed features in the lower chro-
mosphere are consistent with the photospheric morphology, including a light bridge that is
clearly visible in the umbra of sunspot No. 3. During the observations, the penumbral fila-
ments of sunspot No. 3 became longer. The dark lane in the light bridge of sunspot No. 2,
which is partially obscured, is also visible.

In narrow-band Hα observations (see the bottom-left panel of Figure 2), the scene ap-
pears drastically different compared to the lower atmospheric layers. The sunspot umbrae,
indicated by red contour lines, are barely visible. An intensity threshold of 0.7 I0 for the
TiO intensity was chosen for the umbral contours. The FOV is dominated by filamentary
structures. Most prominent is the bright triangular central region between the three positive-
polarity sunspots, that is, the spongy region between sunspots No. 1, 2, and 3 and a small
bright region at coordinates (4′′, 36′′). The leading sunspot No. 1 is almost completely sur-
rounded by radial superpenumbral filaments, which are not fully formed around the sunspots
No. 2 and 3. In addition, a dark persistent filament is present in the region between sunspot
No. 2 and 3, extending to the trailing negative-polarity sunspot. This dark filament con-
stantly interacts with the small bright region mentioned above. To the south and west, where
a more finely structured pattern was observed, elongated filaments are present, which are ab-
sent in the southeast. Similar to sunspots No. 1 and 2, the sunspot No. 3 never developed a
filamentary structure towards the central region between the three sunspots. Chromospheric
filaments extend to the east and north of the sunspot No. 3 at the location of the rudimentary
penumbra. However, the filaments in this direction are cut off by the small bright region
mentioned above. Despite the highly dynamic fine structure within the FOV, the overall po-
sition and shape of the dark cores, filamentary structure, and bright regions remain the same
during the chromospheric high-resolution observations.

3.2. Background-Subtracted Activity Maps

The BaSAM results for the HiFI+ data 〈|I − 〈I 〉|〉 are shown in Figure 4, using the same
layout as in Figure 2. The angle brackets 〈. . .〉 indicate a time-series average, and I refers
to the intensity. The color scale from red to blue highlights regions of large and small vari-
ations, respectively. The individual maps show the combined results of the first and second
time-series in a single map covering an ROI of 50′′ ×60′′, except for the top-left panel, where
the Ca II H BaSAM is shown with an ROI of 25′′ × 30′′. Larger BaSAM values shown in
red indicate stronger variations at that locations, while blue colors point to quieter regions.

3.2.1. Photosphere

The overall appearance of the photospheric BaSAMs is similar in all four photospheric
channels: blue continuum, G-band, broad-band Hα, and TiO (Figure 4). The quietest regions
are the umbral cores of the three sunspots as well as their neighboring pores, except for the
broad-band Hα BaSAM. The granulation pattern is visible in all four photospheric channels
and shows low to medium BaSAM values, with the strongest variations occurring at the
umbral borders. While the umbral regions in the TiO and broad-band Hα BaSAMs are still
the locations of the lowest values detected within the FOV, their patchy red and blue patterns
make them appear more dynamic compared to the remaining photospheric observations.

The low signal within the penumbra on the western side of sunspot No. 1 indicates only
small variations and therefore a stable configuration of the penumbra. The umbra of sunspot
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Figure 4 Combined BaSAMs
based on the first and second
time-series (07:44 – 08:24 UT
and 08:35 – 09:14 UT) of
speckle-restored HiFI+ images:
Ca II H (top-left), G-band
(top-right), blue continuum
(middle-left), broad-band Hα

(middle-right), narrow-band Hα

(bottom-left), and TiO
(bottom-right). A common ROI
of 50′′ × 60′′ (major tick marks
are separated by 10′′) was
extracted from the full FOV,
except for the Ca II H image,
where the ROI covers only
25′′ × 30′′ .

No. 1 does not contain many umbral dots or other features that could cause a signal in the
photospheric BaSAMs. Only at the southern border of the sunspot No. 1, does the penumbra
show a mixed pattern of high and low signals. In addition, large variations are associated
with the neighboring pore at coordinates (35′′, 20′′), the light bridge separating the sunspot
from the pore, and the small pore in the north at coordinates (40′′, 24′′).

The umbral borders of sunspot No. 2 and its neighboring pores are also locations of
strong signals, while the rudimentary penumbra shows a mixed pattern of high and low sig-
nals. With increasing distance from the penumbra–umbra interface, parts of the rudimentary
penumbra exhibit some of the lowest BaSAM values in the entire FOV. This is particu-
larly evident in the G-band and blue continuum BaSAMs, where parts of the rudimentary
penumbra are prominently displayed in dark blue color, while small patches associated with
variations within the umbra are much more abundant and prominent in the broad-band Hα
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and TiO BaSAMs. Strong variations were also detected at the location of the light bridge,
especially near two small pores where the chevron-like light bridge begins on the eastern
side of the sunspot.

The BaSAMs show that sunspot No. 3 contains the strongest variations in the FOV. In
particular, the umbra-penumbra interface and parts of the penumbra are highlighted in dark
red. However, the rudimentary penumbra also contains quieter areas in the middle of the
penumbral filaments, which are highlighted in blue. In addition, the northern part of the
umbra shows a very strong signal, indicating a highly dynamic interface with the penumbra
at this location.

3.2.2. Chromosphere

The chromospheric Ca II H BaSAMs are very similar to the photospheric BaSAMs, with
stronger signals mainly due to the higher contrasts of the small-scale brightenings, which
are in most cases co-spatial in chromospheric and photospheric images (see Figure 2). The
umbrae of sunspots No. 2 and 3 are clearly visible due to the very small variations. However,
the umbral borders are characterized by strong BaSAM signals, indicating a very dynamic
interface with the rudimentary penumbrae. In addition, the entire FOV of the zoomed-in
Ca II H observations shows a mixed pattern of low, medium, and high signals, with strong
variations appearing as filamentary extensions of the penumbral filaments. Alternating pat-
terns of strong and weak signals characterize the rudimentary penumbrae of sunspots No. 2
and 3, especially at the penumbra–granulation interface.

Due to the drastic morphological differences observed in narrow-band Hα observations,
the corresponding BaSAMs give a very different picture of the chromospheric activity. The
FOV is dominated by elongated filamentary structures with strong variations. The umbrae
are clearly visible in all three ROIs due to very low BaSAM values. In addition, the broad
and elongated filament at coordinates (26′′, 46′′) is a persistent feature during the GREGOR
observations. A second low-signal filamentary structure extends from sunspot No. 3 towards
the trailing negative-polarity region. The southeast corner of the FOV contains a highly dy-
namic, fine-grained region, where elongated filaments are absent. The central region in be-
tween the three sunspots is characterized by a very strong signal and variations on small
spatial scales. However, the regions with the strongest signals are located at coordinates (4′′,
36′′) and (1′′, 53′′) at the periphery of the FOV near the footpoints of the filaments. The
superpenumbra associated with the rudimentary penumbrae of sunspots No. 2 and 3 causes
a mixed pattern of high and low BaSAM signals. In contrast, the extended superpenum-
bra of sunspot No. 1 is characterized by lower BaSAM signals, indicating a more stable
configuration.

3.3. Local Correlation Tracking

Horizontal proper motions were determined using LCT (November and Simon 1988; Verma
and Denker 2011) for time-series of TiO, Ca II H, and narrow-band Hα images. Local cross-
correlations were computed for images separated in time by 36 s. Only persistent flows were
measured by averaging the individual flow maps over the duration of the time-series of ap-
proximately 40 min. Color-coded flow vectors are superimposed on the averaged image
to indicate flow speed and direction. Since cross-correlations track contrast features in the
sampling window, equating horizontal proper motions with plasma velocities has to be in-
terpreted with caution. In the following, three flow maps are shown side by side for the first
and second time-series, tracing the flow fields from the photosphere to the chromosphere.
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Figure 5 Two-dimensional flow maps based on TiO first (left) and second (right) time-series. The ROI
covers 50′′ × 60′′ , and major tick marks are separated by 10′′. Flow speeds are displayed in the range
0.0 – 0.8 km s−1.

3.3.1. Photosphere

The LCT results based on photospheric observations are very similar. Therefore, only the
TiO LCT maps are shown in Figure 5. The FOV covers 50′′ × 60′′ with average flow speeds
displayed in the range of 0.0 – 0.8 km s−1. The flow vectors are superimposed on the aver-
aged TiO images for the corresponding time-series. In general, the horizontal proper mo-
tions detected in the first time-series are also recovered in the second time-series. However,
the flow pattern appears more fragmented at lower flow speeds. The moat flow is present
at every location with a (rudimentary) penumbra. Even some locations without penumbra
show signs of moat flow, for example, the two small pores in the west of sunspot No. 3 or
the region on the eastern side of sunspot No. 1. Divergence centers caused by granulation
are present around the sunspots. However, strong divergence centers, which are typical of
exploding/expanding granules in opposite-polarity regions (Bonet et al. 2005), are absent.
Patternless divergence centers with increased flow speeds are present in the northwest corner
of the FOV. In contrast, the divergence centers in the southeast corner of the FOV are incon-
spicuous and have much lower flow speeds. The central region between the three sunspots
is devoid of any well-ordered motions or divergence centers, and only low flow speeds are
detected. The animated version of Figure 2 can be used to visualize the persistent flows
captured in the LCT maps of Figure 5.

More quantitative results of the flow speeds are summarized in Table 2 for the umbra,
the border of the umbra, the penumbra, and the moat flow regions. The regions for which
the flow speeds are computed are outlined in the bottom-right panel of Figure 2. In addition
to the total flow field, the radial flows were computed, with respect to the center of the
umbral cores. The mean values of the flow speed are given with the standard deviation,
which reflects the variation of the flow speeds in the selected regions and should not be
taken as a formal error estimate.

The most prominent flow is the moat flow around sunspot No. 1, which just starts out-
side the penumbra. The averaged velocity maps show a radial outflow with velocities of
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Table 2 Averaged horizontal
proper motions of the umbra,
umbral border, penumbra, and
moat region for the three ROIs.
Mean and standard deviation of
the LCT results are based on the
combined TiO observations of
the first and second time-series.
Details on the LCT setup are
given at the end of Section 2.2.1.

No. Total flow field Radial flows

Umbra 1 (0.18 ± 0.10) km s−1 (0.16 ± 0.10) km s−1

2 (0.14 ± 0.06) km s−1 (0.10 ± 0.07) km s−1

3 (0.14 ± 0.09) km s−1 (0.09 ± 0.08) km s−1

Umbral border 1 (0.19 ± 0.11) km s−1 (0.17 ± 0.12) km s−1

2 (0.14 ± 0.08) km s−1 (0.08 ± 0.10) km s−1

3 (0.17 ± 0.10) km s−1 (0.06 ± 0.11) km s−1

Penumbra 1 (0.23 ± 0.15) km s−1 (−0.06 ± 0.25) km s−1

2 (0.20 ± 0.15) km s−1 (−0.06 ± 0.22) km s−1

3 (0.16 ± 0.13) km s−1 (−0.03 ± 0.19) km s−1

Moat 1 (0.43 ± 0.23) km s−1 (−0.36 ± 0.27) km s−1

2 (0.32 ± 0.20) km s−1 (−0.22 ± 0.26) km s−1

3 (0.38 ± 0.22) km s−1 (−0.27 ± 0.26) km s−1

(−0.36 ± 0.27) km s−1. The moat flow is absent in the central region between the three
sunspots. The Evershed flow in the penumbra of sunspot No. 1 has an average outflow
speed of (−0.06 ± 0.25) km s−1. Low inflow speeds of (0.17 ± 0.12) km s−1 are mea-
sured at the umbra–penumbra interface, which continue into the umbra with speeds (0.16 ±

0.10) km s−1. The light bridge is devoid of strong horizontal motions and no signs of con-
vective upwelling were found in its center. The location, where the light bridge connects to
the plasma surrounding the sunspot, shows small inward motions that are not detected in
the second time-series. Both pores near sunspot No. 1 are characterized by inflows at the
umbra–granulation interface.

Strong horizontal proper motions are detected only in the moat region of sunspot
No. 2, which are restricted to a narrow region at coordinates (5′′, 28′′), where the aver-
age outflow speed is (−0.22 ± 0.26) km s−1. Otherwise, only small outflows of (−0.06 ±

0.22) km s−1 are measured in the penumbra, while inflows of (0.08 ± 0.10) km s−1 and
(0.10 ± 0.07) km s−1 are determined at the border of the umbra and inside the umbra, re-
spectively. The light bridge shows no signs of directed plasma motions, which excludes
convective upwelling in the center of the light bridge. The small pore above the rudimentary
penumbra of sunspot No. 2 at coordinates (6′′, 34′′) shows moderate inflows that become
stronger during the second time-series.

Average outflows of (−0.27 ± 0.26) km s−1 and (−0.03 ± 0.19) km s−1 were measured
for the moat flow and Evershed flow of sunspot No. 3, respectively. Average inflows of
(0.06 ± 0.11) km s−1 and (0.09 ± 0.08) km s−1 were determined at the border of the umbra
and within the umbra, respectively. The large horizontal proper motions north of the umbra
of sunspot No. 1 and the neighboring two pores decreased during the second time-series.

3.3.2. Chromosphere

The results of applying LCT to the chromospheric Ca II H observations are shown in Fig-
ure 6. In general, the Ca II H flow maps are similar to the photospheric flow maps, with di-
vergence centers caused by granulation and significant inflows and outflows associated with
sunspots. In contrast to the generally decreasing photospheric flow speeds during the second
time-series, the chromospheric Ca II H flow maps give the impression of increased flows.
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Figure 6 Two-dimensional flow maps based on the first (left) and second (right) Ca II H time-series. The
ROI covers 25′′ × 30′′ , and major tick marks are separated by 5′′ . Flow speeds are displayed in the range
0.0 – 0.8 km s−1.

Due to the limited FOV of the Ca II H observations, only the flows at the northern and
western border of the sunspot No. 2 can be studied. The light bridge is devoid of strong
horizontal proper motions and outflows along the light bridge are missing. In agreement
with photospheric flow maps, the strongest motions of sunspot No. 2 are located at the outer
ends of the filaments in the rudimentary penumbra at coordinates (4′′, 25′′). The average flow
speed decreases at this location in the second time-series. The flow speeds are moderate in
the region between the sunspots No. 2 and 3 and decrease significantly during the second
time-series.

The inflows at the border of the umbra of sunspot No. 3 are enhanced at the location
where the rudimentary penumbra has formed and appear slightly increased in the second
time-series. The moat flow begins at the periphery of the rudimentary penumbra, and even
single, isolated penumbral filaments show evidence of moat flow at their tips. In particular,
strong outflows in excess of 0.5 km s−1 are associated with the small pore at coordinates
(23′′, 21′′), which intensify and become more confined in the second time-series.

The appearance of the chromospheric narrow-band Hα flow maps in Figure 7 differs sig-
nificantly from the photospheric flow maps. Strong flows enter the FOV at coordinates (43′′,
60′′), where they meet oppositely directed flows with moderate flow speeds at coordinates
(37′′, 54′′). Inflows surround the sunspot No. 1. The bright filament above the sunspot No. 3
at coordinates (24′′, 47′′) shows strong and confined inflows that become even more con-
fined in the second time-series. A strong eastward motion coincides with the bright patch
at coordinates (4′′, 36′′) and the associated dark filament at coordinates (5′′, 44′′), where the
flows increase significantly in the second time-series, especially along the dark filament. The
bright central region between the three sunspots at coordinates (22′′, 22′′) is characterized by
low to moderate flow speeds, forming a front with flow vectors directed towards the sunspot
No. 1.

The superpenumbra that partially surrounds the sunspot No. 1 shows an inward motion,
which is characteristic of the inverse Evershed flow (Moore and Rabin 1985). These flows
are significantly larger in a small region at coordinates (44′′, 10′′). In general, the flows
associated with the superpenumbra of this sunspot are the same in both time-series. The



Impact of Magnetic and Flow Fields on Penumbrae and Light Bridges. . . Page 17 of 27 144

Figure 7 Two-dimensional flow maps based on the first (left) and second (right) narrow-band Hα time-series.
The ROI covers 50′′ ×60′′ , and major tick marks are separated by 10′′ . Flow speeds are displayed in the range
0.0 – 0.8 km s−1. The black contours that outline the umbrae are based on the TiO image, where an intensity
threshold of 0.7 I/I0 of the normalized quiet-Sun intensity was used, and the white contours outline the
penumbrae.

Table 3 Averaged horizontal
proper motions of the umbra,
umbral border, penumbra, and
moat region for the three ROIs.
Mean and standard deviation of
the LCT results are based on the
combined narrow-band Hα

observations of the first and
second time-series. Details on the
LCT setup are given at the end of
Section 2.2.1.

No. Total flow field Radial flows

Umbra 1 (0.26 ± 0.11) km s−1 (0.20 ± 0.13) km s−1

2 (0.20 ± 0.10) km s−1 (0.03 ± 0.12) km s−1

3 (0.23 ± 0.10) km s−1 (0.07 ± 0.14) km s−1

Umbra border 1 (0.33 ± 0.15) km s−1 (0.30 ± 0.14) km s−1

2 (0.20 ± 0.11) km s−1 (0.03 ± 0.12) km s−1

3 (0.27 ± 0.14) km s−1 (0.10 ± 0.16) km s−1

Penumbra 1 (0.28 ± 0.13) km s−1 (0.23 ± 0.14) km s−1

2 (0.11 ± 0.06) km s−1 (−0.02 ± 0.08) km s−1

3 (0.16 ± 0.09) km s−1 (−0.02 ± 0.08) km s−1

Moat 1 (0.18 ± 0.11) km s−1 (−0.03 ± 0.11) km s−1

2 (0.18 ± 0.10) km s−1 (0.07 ± 0.15) km s−1

3 (0.21 ± 0.09) km s−1 (−0.11 ± 0.15) km s−1

rudimentary penumbra of the sunspot No. 2 shows no signs of the inverse Evershed flow.
Overall, the horizontal proper motions within this ROI are small, with stronger inflows at
the location of the light bridge and the umbral core at coordinates (16′′, 16′′), with inflows
becoming stronger in the second time-series. The flow pattern associated with the sunspot
No. 3 shows much variation between the two time-series. The inverse Evershed flow is
observed only in the northern part of the sunspot, mainly at locations with filamentary struc-
ture. In the southern part of the sunspot, the velocity vectors form streamlines around the
umbra.



144 Page 18 of 27 R. Kamlah et al.

The chromospheric flow velocities corresponding to the photospheric ROIs outlined in
the bottom-right panel of Figure 2 are summarized in Table 3. The velocities determined
in the chromosphere are generally of lower magnitude than their photospheric counterparts.
In particular, the radial flows in the direction of the center of the sunspots, indicated by the
orange crosses in Figure 2, differ significantly in the moat flow region, with photospheric
velocities exceeding those of the chromosphere. In contrast to the photospheric flows, the
penumbral region of sunspot No. 1 and the moat region of sunspot No. 2 show an outward
motion at chromospheric height with very low velocities.

3.4. Magnetic Fields

Magnetic fields and the sensitivity of certain spectral lines to them provide access to differ-
ent atmospheric and magnetic-field parameters using inversion codes. In the following, the
GRIS observations are studied with an emphasis on plasma temperatures and the orientation
and strength of the photospheric magnetic field using the SIR inversion code.

The SIR code was used to derive the six physical parameters in Figure 8 for the Si I line.
The slit-reconstructed continuum intensity image is very similar to the TiO observations
discussed in Section 3.1.1, but the contrasts of the umbral dots and of the light bridges are
reduced, giving the visual impression that the umbral cores are more densely filled by these
features. The light bridges have predominantly umbral temperatures, with the exception of
sunspot No. 1, where the temperatures of the light bridges are higher and reach quiet-Sun
temperatures. The highest temperatures are found in the rudimentary penumbrae of sunspots
No. 2 and 3, which even show small kernels of localized heating. The three sunspots are
clearly separated in the map of the vertical component of the magnetic field strength Bz. An
almost field-free region divides sunspots No. 2 and 3 from sunspot No. 1. This separation of
the flux systems is repeated successively on the hierarchical level of the umbral cores, where
light bridges serve as separators.

A patch of negative polarity region is present on the left side of sunspots No. 2 and 3,
as also seen in the SDO magnetograms. Small-scale positive and negative polarity features
are scattered around sunspot No. 1, which are the typical type II and III moving magnetic
features (MMF, Harvey and Harvey 1973; Hagenaar and Shine 2005), respectively. The
strongest horizontal component of the magnetic field strength Bhor is found around sunspots
No. 2 and 3 in the region associated with the rudimentary penumbral filaments. In the region
between sunspots No. 1, 2, and 3 Bhor is much stronger than Bz. The field inclination is
mostly vertical in the sunspots with a gradual decrease when going from the dark umbral
core to the penumbra-granulation border. The negative polarity region shows the presence
of inclined field lines. The orientation of the field lines can be followed in the azimuth map.
However, only for sunspot No. 1 do the field lines follow the full compass rose.

4. Discussion

This case study addresses the dynamic interplay of magnetic fields and plasma flows asso-
ciated with three positive-polarity sunspots with rudimentary penumbrae and light bridges
in active region NOAA 13096. The high-resolution observations are interpreted in the con-
text of active-region decay in the following days. The decay process was atypical, since the
observed leading polarity was less compact and fragmented earlier than the single sunspot
in the trailing part of the active region.
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Figure 8 Maps of six physical
parameters derived for the Si I

line (from top-left to bottom
right): continuum intensity in the
range of (0.5 – 1.1) I0,
temperature in the range of
5500 K – 6000 K, vertical
magnetic field strength Bz in the
range of ± 2000 G (blue/red
corresponds to negative/positive
magnetic fields), horizontal
magnetic field strength Bhor in
the range of 0 G – 1800 G
(rainbow color table), inclination
in the range of 0◦ – 180◦

(rainbow color table), and
azimuth in the range of 0◦ – 360◦

(color wheel in the upper-right
corner indicates the direction of
the magnetic fields). Regions
with a degree of polarization
below 0.2% are displayed in gray.
The FOV is 52.0′′ × 56.6′′ , and
major tick marks are separated by
10′′ .

The penumbra formation begins in the leading part, followed by the trailing sunspot. The
three positive-polarity sunspots show no signs of rotation, while the trailing negative-polar-
ity sunspot rotated clockwise (Howard 1990; D’Silva and Howard 1994; Kutsenko, Abra-
menko, and Litvishko 2023) until a southward drift began. A magnetic flux concentration
in a small, unnumbered active region to the south of the observed active region produced a
C-class flare on 2022 September 8, which coincided with a simplification of the magnetic
configuration of active region NOAA 13096. However, the system remained globally stable,
but with many small-scale changes. The region between the leading and trailing sunspots
was devoid of exploding or expanding granules, as often found in bipolar regions with flux
emergence (Bonet et al. 2005; Kamlah et al. 2023).

Penumbra formation is still an elusive topic and depends strongly on the topology of the
active region and the structure of the local plasma flows. At the beginning of the GREGOR
observations, only one of the three leading sunspots had a penumbra while the other two had
rudimentary penumbrae (Watanabe, Kitai, and Otsuji 2014). However, a penumbra never
formed in the central region, where sunspots of the same polarity face each other (Künzel
1969; Murabito et al. 2021). Several studies (Shimizu, Ichimoto, and Suematsu 2012; Ro-



144 Page 20 of 27 R. Kamlah et al.

mano et al. 2013, 2014; Murabito et al. 2016; Romano et al. 2020) have emphasized that
inclined photospheric magnetic field lines can be formed by shifting chromospheric field
lines with typical tilts of 40◦ – 80◦ down to the photosphere. However, this penumbra forma-
tion scenario requires a canopy to confine the chromospheric field lines. The mostly vertical
fields in the central region between the three sunspots prevent such a canopy and conse-
quently preclude penumbra formation in this region (Murabito et al. 2021; Lindner et al.
2023). Furthermore, the latter authors showed that the analysis of the magnetic topology in
the deep photospheric layers alone is not a reliable indicator for the presence of a penumbra,
which is consistent with the missing horizontal magnetic-field component of sunspot No. 1
(see the middle-right panel of Figure 8).

If the photospheric Evershed effect is driven by a siphon flow, magnetoconvection, or a
mixture of both is still an ongoing debate, although recent observations favor magnetocon-
vection (Murabito et al. 2016). The three-dimensional topography of sunspots supports the
theory of mass motion and wave propagation from the photosphere to the corona along field
lines (Staude 1999; Solanki 2003; Khomenko and Collados 2015). The dominant drivers of
mass motion are typically the Evershed and inverse Evershed flows in the photosphere and
chromosphere, respectively, with the latter starting at a height of about 500 km (Boerner
and Kneer 1992). The penumbrae of the three leading sunspots show the Evershed effect
(Evershed 1909), which transports material from the umbra along penumbral filaments into
the surroundings. The average LCT velocities determined are close to zero and thus signif-
icantly lower than the penumbral velocities determined in other studies (i.e., greater than
1.5 km s−1, Molowny-Horas 1994; Verma et al. 2018; Wang et al. 2018; Márquez, Sánchez
Almeida, and Bonet 2006) or found in simulations (i.e., 3 – 4 km s−1, Rempel 2015). The
low penumbral flow speeds are interpreted as the imminent decay of the penumbrae. The
variability detected in BaSAMs emphasizes the changes associated with inflows at the um-
bral borders. However, the penumbra of sunspot No. 1 and the rudimentary penumbrae of
sunspots No. 2 and 3 show some of the strongest BaSAM signals during the observations,
which becomes much weaker at the periphery of the rudimentary penumbrae. These patches
of low flow speeds are located at the interface between the penumbra and the moat flow,
which causes the signal to increase with distance. The chromospheric Ca II H observations
show inflows at the border of the pore, which are comparable to photospheric flows, and
a divergence region in the middle of the rudimentary penumbra with inflows in the inner
penumbra and outflows in the outer parts (Deng et al. 2007; Verma and Denker 2011).

In magnetograms, the moat regions appear to be enhanced after the umbrae have moved
to the center of the supergranules. The present flow maps show that the moat flow is closely
associated with rudimentary and regular penumbrae. Several studies have determined hori-
zontal velocities of the moat flow in the range of 0.5 km s−1 – 1.0 km s−1 (Muller and Mena
1987; Shine et al. 1996; Bonet et al. 2005; Sobotka and Roudier 2007), which is consistent
with the present measurements in the range of 0.2 km s−1 – 1.0 km s−1. Moving magnetic
features, transporting magnetic flux from the umbra to the supergranular cell boundaries,
reach velocities up to 2 km s−1 – 3 km s−1 (Shine et al. 1996; Hagenaar and Shine 2005).
These velocities are typically measured by applying feature tracking methods to small-scale
magnetic features. In contrast, LCT follows contrast variations within a sampling window,
which contains contributions from various features. These contrast changes are not always
related to plasma motions, and even if a close relationship to plasma motions exists, LCT
methodd can significantly underestimate plasma velocities (Verma, Steffen, and Denker
2013). Thus, the present results do not argue against higher flow speeds observed for moving
magnetic features. Due to the late evolutionary stage of the sunspots, the flow speed within
the moat significantly exceeds the outflows in the penumbra. The moat flow is visible in
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the flow maps up to about 4 Mm beyond the periphery of the penumbra, which is a much
smaller value than previously reported (i.e., 10 Mm – 20 Mm, Sheeley 1972; Brickhouse and
Labonte 1988) and contradicts the tendency of more mature sunspots to have more extended
moat regions (Sobotka and Roudier 2007). However, Löhner-Böttcher and Schlichenmaier
(2013) concluded that moat radii are independent of sunspot radii, which was further sup-
ported by Verma, Kummerow, and Denker (2018). The present study supports the finding
that moat and Evershed flows are firmly linked to the presence of a penumbra. Even the
smallest patches of penumbra are accompanied by these outflows. In summary, the moat
flow dissolves and disappears after the decay of the penumbra. However, spectropolarimet-
ric observations with higher cadence are needed to study the cessation of the moat flow
as a function of time, which is an interesting science case for high-resolution telescopes
equipped with imaging spectropolarimeters.

All observed umbrae contain umbral dots, which are however less prominent in BaSAMs
due to their shorter lifetimes of 15 min – 60 min and dimensions of 80 km – 400 km (Beckers
and Schröter 1968; Koutchmy and Adjabshirzadeh 1981; Lites et al. 1991; Sobotka, Brandt,
and Simon 1997; Denker 1998). Moreover, they are stable features, at least in the central part
of the umbrae. The chromospheric Ca II H BaSAMs and LCT maps closely resemble those
of the blue continuum observations. Strong variations within the umbrae are not detected,
although some intrusions of bright points from the periphery, which only give weak signals.
However, bright intergranular lanes in between the positive-polarity sunspots and extending
out to the trailing part of NOAA 13096 are very prominent in the BaSAMs.

In the chromospheric narrow-band Hα BaSAMs, the umbrae are clearly visible as re-
gions with only small variations. However, the central T-shaped part in between the positive-
polarity sunspots on the other hand stands out for its bright and spongy appearance, causing a
strong signal in the BaSAMs and highlighting the strong variability on small spatial scales.
This phenomenon is called “moss” in EUV images (Berger et al. 1999) and is caused by
thermal conduction from coronal loops with temperatures of (3 – 5) ×106 K situated above
a plage. In fact, this location is associated with the footpoint region of a coronal loop. Berger
et al. (1999) emphasized that the spongy appearance is caused by chromospheric jets (Wang
et al. 1998; Mulay et al. 2016; Iijima and Yokoyama 2017) and spicules (Moore et al. 1977;
Tsiropoula et al. 2012) interspersed with EUV emission. The misalignment with the under-
lying magnetic elements can be confirmed in the present study. Despite the apparent increase
in activity, the superpenumbral flows in this region are low, if present at all.

While the leading sunspot No. 1 is almost completely surrounded by superpenumbra, the
other two leading sunspots developed only rudimentary superpenumbral structures at the
locations where also rudimentary penumbra had formed in the photosphere. The BaSAMs
indicate a rather stable configuration of the superpenumbra around sunspot No. 1 by its
alternating red and blue filamentary structure. In addition, LCT flow maps show an inward
motion for sunspot No. 1, which is not aligned with the superpenumbral filaments. The dark
filaments, seen as elongated dark blue structures in BaSAMs, extending from sunspot No. 3
to the trailing negative-polarity sunspot, appear in a stable configuration, while inhibiting
major horizontal proper motion.

5. Conclusions

The combination of ground-based high-resolution observations of different spectral regions
and thus different atmospheric heights with synoptic SDO full-disk data made a comprehen-
sive analysis of the active region NOAA 13096 possible, scrutinizing the photospheric Ev-
ershed flow and the chromospheric inverse Evershed flow. The fragmentation of the leading



144 Page 22 of 27 R. Kamlah et al.

sunspots before the trailing sunspot is a rather atypical behavior for active region evolution.
The decay process was studied in terms of plasma flows and connectivity to the surroundings
using LCT and BaSAMs.

The imminent decay of the active region is characterized by the relatively low Ever-
shed flows. Only one of the leading positive-polarity sunspots has a superpenumbra, while
rudimentary superpenumbrae formed only at the locations where photospheric rudimentary
penumbrae already existed, which were facing the trailing negative-polarity sunspot. Ex-
ploding or expanding granules, which are typically present in the center of bipolar regions,
are not observed. Light bridges, present in all three leading sunspots, do not cause a temper-
ature increase. However, they appear as field-free regions in horizontal and vertical magnetic
field maps. In addition, no convective outflows were found along the light bridges. In chro-
mospheric narrow-band Hα observations, features associated with EUV moss were found
in the form of a bright spongy region. This region was slightly displaced with respect to
magnetic features in lower atmospheric layers, in agreement with previous descriptions of
this phenomenon.

Further analysis of emerging and decaying active regions is needed to better understand
the difference between regions with and without field-aligned flows. In particular, the tran-
sition from emergence to decay needs to be studied in more detail to clarify the role of light
bridges in the decay process. How does the magnetic field weaken in these regions, which
eventually become field-free? In addition, the influence of the low-lying magnetic canopy
over light bridges and its relation to the umbral magnetic field and the plasma flows requires
closer scrutiny. To get a coherent picture of the interplay between features caused by strong
magnetic fields (i.e., sunspots and pores) and features related to them (i.e., light bridges and
umbral dots), more case studies are required, combining different spatial and temporal scales
and covering different atmospheric heights in multi-wavelength observations. As more and
more high-resolution imaging and spectropolarimetric data become publicly accessible in
archives of for example, the GREGOR solar telescope, Daniel K. Inouye Solar Telescope
(DKIST), and the Swedish Solar Telescope (SST), targeted searches to answer some of the
open questions on active-region evolution become possible.
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