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ABSTRACT

Context. It is unclear why there is a rather sharp boundary in sunspots between the umbra and the penumbra. Both regions exhibit
magnetoconvection, which manifests in penumbral filaments in the penumbra and in umbral dots in the umbra.
Aims. Here we compare the physical properties of umbral dots and penumbral filaments. Our goal is to understand how the properties
of these convective features change across the boundary between the umbra and the penumbra and how this is related to the rapid
increase in brightness at the umbra-penumbra boundary.
Methods. We derived ensemble averages of the physical properties of different types of convective features based on observations of
two sunspots with Hinode.
Results. There are strong similarities between the convective features in the outer parts of the umbra and the ones in the penumbra,
with most physical parameters being smooth and continuous functions of the length of the features.
Conclusions. Our results indicate that the transition in brightness from the umbra to the penumbra is solely caused by an increased
effectiveness of magnetoconvection within individual convective cells. There is no significant difference in the number density of con-
vective elements between the outer umbra and the inner penumbra. Penumbral filaments exhibit a larger area and a higher brightness
compared to umbral dots. It is still unclear how exactly the underlying magnetic field causes the increase in the size and brightness of
convective features in the penumbra.

Key words. sunspots – Sun: photosphere – Sun: magnetic fields

1. Introduction

Sunspots consist of a dark umbra and a bright penum-
bra. The penumbra is believed to exhibit magnetoconvection,
which manifests in the penumbral filaments (Scharmer et al.
2008; Zakharov et al. 2008; Rempel et al. 2009; Rempel 2011;
Rempel & Cheung 2014). The penumbral filaments have a close
to horizontal magnetic field, which is interlaced with a more ver-
tical one in the spines (Title et al. 1993; Solanki & Montavon
1993; Lites et al. 1993; Tiwari et al. 2013). Magnetoconvection
is needed in the umbra as well. Radiative transfer on its own is
not sufficient for explaining the observed brightness of the umbra
(Deinzer 1965). The direct manifestation of magnetoconvection
in the umbra is the umbral dots (Danielson 1964; Parker 1979;
Choudhuri 1986; Schüssler & Vögler 2006; Bharti et al. 2010).
Umbral dots are small bright features that appear in umbrae and
pores. Depending on their location in the umbra, they are classi-
fied as central umbral dots (CUDs), located in the central parts
of the umbra, or peripheral umbral dots (PUDs), located in the
outer parts of the umbra (Grossmann-Doerth et al. 1986).

Peripheral umbral dots exhibit many similarities with the
heads of penumbral filaments, which are also referred to as
penumbral grains (PGs). Like the heads of the penumbral fil-
aments, many PUDs have an elongated shape (Rimmele 2008;
Sobotka & Puschmann 2009), and they show upflows and an
inclined magnetic field (Sobotka & Jurčák 2009). In addition,
inward-migrating PGs in some cases turn into PUDs when

reaching the umbra-penumbra (UP) boundary (Muller 1973;
Tönjes & Wöhl 1982). Simulations also indicate that there
are similarities between umbral dots and penumbral filaments
(Rempel et al. 2009).

The similarities between umbral dots and PGs raise the ques-
tion of why there is a rather sharp UP boundary in sunspots.
A possible explanation is that, despite the apparent similarities
between PUDs and PGs, there still is a discontinuity in the prop-
erties of convective features at the UP boundary. Alternatively,
the UP boundary could be related to a sudden increase in the
number density of convective features. Jurčák et al. (2018) sug-
gested that the UP boundary occurs where the strength of the
vertical magnetic field falls below a fixed threshold. However,
this criterion (often called the Jurčák criterion) does not take into
account the fact that the penumbra consists of both filaments and
spines, the properties of which vary between spots of different
sizes (Löptien et al. 2020).

Thus, a first step toward understanding the origin of the UP
boundary is a detailed characterization of the convective ele-
ments in the umbra and in the penumbra and how they change
across the UP boundary. Here, we use observations of two
sunspots (one rather small and one large spot) made with the
Hinode spacecraft to compare the properties of umbral dots and
penumbral filaments and to determine how these change between
spots of different sizes. We derived ensemble averages of dif-
ferent types of features following the approach of Tiwari et al.
(2013).
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Fig. 1. Maps of the continuum intensity obtained by Hinode/SOT of the two sunspots used in this study. Panel A: large sunspot AR 10923 observed
on 14 November 2006. Panel B: zoomed-in view of a region around the UP boundary of AR 10923 (as indicated by the white rectangle in panel
A). Panel C: small sunspot AR 10933 observed on 6 January 2007. The colored symbols indicate the individual features used in this study: CUDs
(orange), short PUDs (purple), long PUDs (blue), penumbral filaments in the inner penumbra (red), and penumbral filaments in the outer penumbra
(green). See text for more details on how we selected the individual features.

2. Data and methods

2.1. Hinode observations

We derived the properties of umbral dots and penumbral fil-
aments for two sunspots, a rather large spot (AR 10923,
observed on 14 November 2006) and a smaller one (AR 10933,
observed on 6 January 2007). They were observed with the
spectropolarimeter on the Solar Optical Telescope (SOT/SP;
Kosugi et al. 2007; Tsuneta et al. 2008; Ichimoto et al. 2008;
Lites et al. 2013) on board Hinode. This instrument performs
spectropolarimetric observations using the Fe I line pair at
6301.5 Å and 6302.5 Å. The sunspots were observed in normal
mode, with a spatial sampling of 0.16′′ per pixel. Figure 1 shows
continuum intensity images of the two sunspots. Both sunspots
were located close to disk center at the time of the observa-
tion. The heliocentric angle, θ, was 8◦ for AR 10923 and 9◦
for AR 10933. Hence, the appearance of the umbral dots and
penumbral filaments is not affected, or at the most only very
slightly affected, by projection or radiative transfer effects that
would arise from an inclined line-of-sight. The spots exhibited
regular shapes, with only one umbral core each and fully fledged
penumbrae. The areas of the spots were 2698 Mm2 (for the spot
in AR 10923) and 1003 Mm2 (for the spot in AR 10933) at the
time of the observations. This difference in size allowed us to
infer how the properties of umbral dots and penumbral filaments
depend on the size of the host sunspot. Also, both spots were
stable at the time of the observations (the shape and size of both
sunspots did not change considerably over the course of a few
days).

We inverted the Stokes parameters observed by Hinode for
both sunspots in order to derive the height-dependent atmo-
spheric parameters. We used the spatially coupled version
of the SPINOR code (Frutiger et al. 2000; van Noort 2012;
van Noort et al. 2013), which assumes local thermodynamic
equilibrium (LTE). We set three nodes in optical depth, placed
at log τ = −2.5,−0.9, 0 (cf. Tiwari et al. 2013). We calibrated
the line-of-sight velocity by defining vlos = 0 as the mean veloc-
ity of the umbra while ignoring outliers (pixels, where |vlos| >
103 m s−1 at log τ = −0.9). The outliers in the inverted velocity
are caused by the presence of molecular lines in the dark parts
of the umbra. The inversion becomes unreliable for pixels with
a strong signature of molecular lines. In most cases, the maps of
the inverted velocity exhibit extremely large amplitudes at these
locations (mostly downflows of a few km s−1). We then resolved
the 180◦ azimuthal ambiguity by using the non-potential mag-

netic field computation (NPFC) method (Georgoulis 2005) and
transformed the magnetic field vector to the local reference
frame.

2.2. Selection of features and ensemble averaging

Our aim is to compare the properties of the convective features
of the two sunspots by deriving ensemble averages of the various
types of convective elements in sunspots. These ensemble aver-
ages bring out the common properties of the selected elements
(Tiwari et al. 2013). Here, we distinguished between penumbral
filaments (located either in the inner or outer penumbra), PUDs,
and CUDs. We separated CUDs from PUDs by using the loca-
tion of the features and their shape. The CUDs are located in
the inner part of the umbra and exhibit a roundish shape. The
PUDs are located closer to the UP boundary and are more elon-
gated than CUDs. Some of the PUDs are not fully resolved by
Hinode/SOT/SP data, and therefore their shape cannot be deter-
mined. We only selected PUDs that are spatially resolved and
that exhibit an aspect ratio (length of the PUD divided by its
width) of at least two. We also divided the PUDs into two groups.
Some PUDs exhibit downflows at τ = 1 in their tails, while oth-
ers do not show clear evidence for the existence of downflows.
We found that the PUDs with downflows are more elongated
and are located closer to the UP boundary than their counter-
parts without evidence of downflows. Most likely, however, all
of the PUDs exhibit downflows, but in some cases they cannot
be resolved in our data. This could be either due to the limited
spatial resolution of Hinode or due to the presence of noise in
the velocity maps. Without a clear signature of a downflow, we
cannot trace the tails of the PUDs. Since we do not want to com-
bine features with and without tails in the ensemble average,
we distinguished between these two types of PUDs (short and
long PUDs). Table 1 lists the different types of convective fea-
tures and our criteria for distinguishing between them. For each
type of convective element, we then identified several individ-
ual features, both in AR 10923 and in AR 10933. Unfortunately,
there is no easy automatic method yet for identifying individual
penumbral filaments. Therefore, we applied a manual procedure,
following Tiwari et al. (2013).

Identifying individual penumbral filaments is easiest when
considering the continuum intensity and the maps of the incli-
nation of the magnetic field as well as maps of the line-of-sight
velocity (both at τ = 1) returned by the inversion. The head
of a penumbral filament is bright and exhibits a strong upflow.
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Table 1. Overview of the criteria used to identify the different types of features studied here.

Type of feature Elongated Downflows Polarity reversal # in AR 10923 # in AR 10933

Penumbr. fil. (outer penumbra) Yes Yes Yes 9 5
Penumbr. fil. (inner penumbra) Yes Yes Yes 10 10
Long PUD Yes Yes No 12 6
Short PUD Yes Unclear No 7 2
CUD No No No 11 6
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Fig. 2. Selection of individual PUDs. We identified individual PUDs using maps of the continuum intensity (panel A), maps of the inclination of
the magnetic field vector with respect to the local vertical axis (panel B), and maps of the line-of-sight velocity (panel C). The last two observables
are derived from the inversion at τ = 1. We manually selected pixels along the main axis of the PUD (indicated by the red circles in panels A to C).
These individual points are then connected using a spline interpolation (solid red curves in panels A to C). This curve is then used to retrieve the
de-stretched, de-rotated, and length-normalized PUDs (shown in panels D to F). See Sect. 2.2 for more details on the identification of individual
features. This procedure is analogous to the identification of individual penumbral filaments in Tiwari et al. (2013).

It is followed by the body of the penumbral filament, which is
most discernible by its highly inclined magnetic field. The tails
of the penumbral filaments can then be identified by their strong
downflows. We manually identified a few points along the cen-
tral axis of the features. Then, a line connecting these points was
computed using a spline interpolation, from which 201 equidis-
tantly distributed points were selected. In combination with a
grid of 51 points perpendicular to the central axis of the feature,
this defines a new grid, upon which we interpolated the maps
of the continuum intensity (IC), the vertical magnetic field (Bz),
the inclination of the magnetic field to the local vertical (γ), and
the line-of-sight velocity (vlos), all at τ = 1. This resulted in de-
stretched, de-rotated, and length-normalized maps for each indi-
vidual penumbral filament.

We identified individual PUDs and extracted their atmo-
spheric parameters in a similar way. We traced them by using
continuum intensity and the inclination of the magnetic field.
The main difference from penumbral filaments is that we do not
observe a reversal of the magnetic polarity at the tails of PUDs
compared to the polarity at their heads. As explained above, we
classify the PUDs as short or long depending on their length
and whether we could trace the tail of the PUDs in the velocity
maps. Since PUDs are less elongated than penumbral filaments,
we resampled them on a grid of 201 × 101 grid points (for long
PUDs) or 201× 151 grid points (for short PUDs). Figure 2 illus-

trates the method for identifying individual PUDs. In the case
of the CUDs, we extracted a region of 11 × 11 pixels around the
center of the umbral dot, which was identified by hand. Since the
CUDs have a roundish shape, they do not need to be de-stretched
or de-rotated. Hence, we do not need to interpolate them on a
new grid.

The number of features that were identified in this way is
given in Table 1. Their locations in the sunspots are indicated by
the crosses in Fig. 1, with the colours identifying the types of
features.

3. Results

3.1. Ensemble averages

Since we identified several individual features for each type
of convective element, we could then derive ensemble aver-
ages. Figure 3 shows maps of the ensemble averages for var-
ious observables for the different types of features discussed
in Sect. 2.2, and Fig. 4 shows cuts along the central axis of
the ensemble averages (an azimuthal average in the case of
the CUDs). We only show the results for the large sunspot,
AR 10923, since the results for AR 10933 look qualitatively sim-
ilar. Generally, when going from the outer penumbra to the cen-
ter of the umbra, convective features become shorter and darker,
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Fig. 3. Ensemble averages of various observables for the different types of features in AR 10923 (see Fig. 1). From left to right: CUDs, short
PUDs, long PUDs, and penumbral filaments in the inner penumbra. From top to bottom: continuum intensity, vertical magnetic field, inclination
of the magnetic field, and line-of-sight velocity. The white vertical lines separate the heads, bodies, and tails of the PUDs and of the penumbral
filaments. In the case of the short PUDs, we only separate between the head and the body since we do not observe tails for these features when
considering them individually. The dashed squares in the left column outline the umbral dot, and the horizontal lines in the other columns indicate
the central axis of the features. The red contours in the maps of Bz and the black contours in the maps of γ indicate regions where the polarity of
the field changes. The range of the y axis is ±0.3 Mm in all panels except for the ones showing the results for the penumbral filaments. Here, the
range of the y axis is ±0.5 Mm. We note that the aspect ratios of the plots in Cols. 2, 3, and 4 are not correct.

exhibit a stronger and more vertical magnetic field, and have
weaker upflows.

The resulting average penumbral filaments are largely con-
sistent with the results of Tiwari et al. (2013). Penumbral fil-
aments can be divided into three different parts: a head,
a body, and a tail. The heads of penumbral filaments are
bright, have a relatively strong vertical magnetic field with
the same polarity as the umbra, and also exhibit an upflow.
The heads are followed by a region with a highly inclined
magnetic field that is similar in brightness to the surround-
ings. The tails of the penumbral filaments are, again, bright
(although less bright than the heads). They have strong ver-
tical magnetic fields, with the polarity being opposite to
that of the umbra, and they show strong downflows. Penum-
bral filaments also exhibit lateral downflows along their sides
(Scharmer et al. 2011; Joshi et al. 2011; Scharmer & Henriques
2012; Tiwari et al. 2013; Esteban Pozuelo et al. 2015). While
our map of vlos of the average penumbral filament shows the
presence of two lateral bands located on both sides of the
penumbral filament, the line-of-sight velocity that we measure
in these bands is actually negative (indicating a weak upflow of
about 100−200 m s−1). This is despite the fact that we detected
lateral downflows within individual penumbral filaments (with
downflow velocities of a few 100 m s−1, in agreement with
Tiwari et al. 2013). These lateral downflow lanes are very nar-
row, and the velocity of the downflows is much weaker than the
velocity of the upflow along the main axis of the penumbral fil-
aments (1−2 km at the center of the penumbral filaments). Since
the individual penumbral filaments have slightly different shapes
and widths, the weak signal of the lateral downflows gets mixed
with the stronger upflow along the main axis when the ensemble
average is derived. In addition, the upflow along the main axis of
the penumbral filaments is enhanced by leakage from the Ever-
shed flow. AR 10923 was not observed exactly at disk center
(θ = 8◦), and most of the penumbral filaments that we selected

in AR 10923 are located on the diskward side of the penum-
bra, where the Evershed flow appears as a blueshift. This causes
the lateral bands to exhibit an apparent upflow in the ensem-
ble average. We note that Siu-Tapia et al. (2017) did not observe
lateral downflows in their ensemble average of penumbral fila-
ments for a sunspot that was observed away from disk center,
either. However, the bias in the velocity map of the averaged
penumbral filament does not severely affect the subsequent anal-
ysis. The lateral downflows contribute much less to the return-
ing downflow in penumbral filaments than the flows in their tails
(Tiwari et al. 2013) in terms of mass conservation. Therefore, we
focus in this study on flows along the main axis of the penumbral
filament.

The penumbral filaments in the inner and outer penumbra
look very similar, although the penumbral filaments in the outer
penumbra are a bit longer and brighter than the ones in the inner
penumbra. Deduced differences between filaments in the inner
and outer penumbra may be affected by stray light. The pres-
ence of stray light causes features in the vicinity of the umbra to
appear darker. Similarly, the brightness of penumbral filaments
in the outer penumbra is slightly enhanced by stray light from the
bright granulation outside the sunspot. However, the level of stray
light in Hinode/SOT/SP is very low (about 1% at a 10′′ distance;
Lites et al. 2013), and so we do not expect it to be the main reason
why we observe the penumbral filaments in the outer penumbra
to be brighter than the ones in the inner penumbra.

The PUDs look in many aspects similar to penumbral fila-
ments. They also have an elongated shape with a bright head.
However, they are much shorter than penumbral filaments and
not as bright. In addition, the magnetic field of PUDs is stronger
and more vertical than that of penumbral filaments. When per-
forming an ensemble average, even the short PUDs exhibit weak
downflows (up to ∼230 m s−1) in their tails. This downflow is
too weak to be detected for individual PUDs. The most promi-
nent difference between PUDs and penumbral filaments is that

A61, page 4 of 8



B. Löptien et al.: Similarities of magnetoconvection in the umbra and in the penumbra of sunspots

0 1 2 3 4 5
longitudinal position [Mm]

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1
I C

 A

CUDs
short PUDs
long PUDs
penumbral filaments (inner PU)
penumbral filaments (outer PU)

0 1 2 3 4 5
longitudinal position [Mm]

-1500

-1000

-500

0

500

1000

1500

2000

2500

3000

3500

B
z [G

]

 B

0 1 2 3 4 5
longitudinal position [Mm]

20

40

60

80

100

120

140

160

 [d
eg

]

 C

0 1 2 3 4 5
longitudinal position [Mm]

-6000

-4000

-2000

0

2000

4000

6000

v lo
s [m

/s
]

 D

Fig. 4. Cuts along the central axis of the ensemble averages of the different types of features in AR 10923 shown in Fig. 3 for various observables.
For the CUDs, we performed an azimuthal average. Panel A: continuum intensity. Panel B: vertical magnetic field. Panel C: inclination of the
magnetic field. Panel D: line-of-sight velocity. The colored symbols indicate the following features: CUDs (orange), short PUDs (purple), long
PUDs (blue), penumbral filaments in the inner penumbra (red), and penumbral filaments in the outer penumbra (green). The shaded areas indicate
the 1σ error of the mean.

we do not observe a polarity reversal at the tails of PUDs. Sim-
ilarities between PUDs and PGs have already been reported by
Sobotka & Jurčák (2009).

The CUDs are darker than the PUDs and have even stronger
and more vertical magnetic fields. Unfortunately, many umbral
dots are not fully resolved in the Hinode data. Previous measure-
ments of the diameter of umbral dots range from 180 to 300 km
(e.g., Sobotka et al. 1997; Kitai et al. 2007; Louis et al. 2012),
with the smaller ones lying below the resolution limit of Hin-
ode/SOT/SP.

The mass motions within umbral dots are not yet well
understood. In numerical simulations, umbral dots have a cen-
tral upflow, with surrounding downflows (Schüssler & Vögler
2006). However, there are conflicting results from observa-
tions, particularly on the (non-)existence of downflows (e.g.,

Socas-Navarro et al. 2004; Bharti et al. 2007; Riethmüller et al.
2008, 2013; Sobotka & Jurčák 2009; Watanabe et al. 2009,
2012; Ortiz & Bellot Rubio 2010). Here, we can detect up-
and downflows in all types of convective features. For the
CUDs, it is unclear if the downflow signal in Fig. 3 repre-
sents an actual flow. As explained in Sect. 2.1, the presence of
molecular lines can lead to apparent strong downflows in the
umbra.

3.2. Dependence on the length of the features

As shown in the previous section, the physical properties of the
convective features change smoothly from CUDs to penumbral
filaments. In addition, the length of the features also increases
from the center of the umbra to the outer penumbra. This
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Fig. 5. Scatter plots of various observables as a function of the length of the individual features for both sunspots. Each data point represents
one feature and is an average along the main axis over the head (left column), the body (center column), or the tail (right column) of the feature.
These regions are separated by the white vertical lines in Fig. 3. From top to bottom: continuum intensity, vertical magnetic field, inclination of
the magnetic field, and line-of-sight velocity. The colors represent the following features: CUDs (orange), short PUDs (purple), long PUDs (blue),
penumbral filaments in the inner penumbra (red), and penumbral filaments in the outer penumbra (green). The solid symbols show the results
for AR 10923 and the transparent ones for AR 10933. We also show in each panel the correlation coefficient, ρ, between the respective physical
quantity and the length of the features. We do not distinguish between the different types of features when computing the correlation coefficient.
Since the short PUDs do not exhibit tails, we only separate between the head and the body of these features. The CUDs resemble the heads of the
penumbral filaments, so we include these features only in the left column. We average the CUDs in a region of 3× 3 pixels around their centers (as
indicated by the dashed white squares in the left column of Fig. 3). Since many of the CUDs are not fully resolved in the Hinode data, we assigned
a length of 3 pixels (∼350 km) to each of them.

suggests that there might be a connection between the length
and the physical parameters of the features.

As can be seen in Fig. 5, all observables (except for maybe
the velocity) are monotonic functions of the length. In addition,
there is a smooth transition of the physical parameters between
the different types of convective elements. However, as discussed

above, the polarity of the magnetic field reverses in the tails of
penumbral filaments, but not in the other types of convective fea-
tures. This causes a strong change in the inclination and in Bz at a
length of about 2.8 Mm (as indicated by the vertical lines in some
of the panels in Fig. 5). Apart from that, there is a smooth tran-
sition from umbral dots to penumbral filaments. The properties

A61, page 6 of 8



B. Löptien et al.: Similarities of magnetoconvection in the umbra and in the penumbra of sunspots

of the features are solely determined by their length. The depen-
dence on length is the strongest for the heads of the features (see
the correlation coefficients in Fig. 5).

There are no differences in the ensemble averages for
AR 10923 and AR 10933, apart from an offset in the continuum
intensity. In the smaller spot, the features exhibit slightly higher
continuum intensities in the head and in the body compared to
the larger spot.

4. Discussion

We observed similarities in the properties of different types of
convective features in sunspots. There is a smooth transition
from umbral dots to penumbral filaments, with most physical
parameters of the features being continuous functions of the
length of the features. Also, apart from an offset in the continuum
intensity, there are no obvious differences in the properties of the
convective elements between the large and small spot that we
analyzed. The penumbral filaments and umbral dots in the small
spot are brighter than the ones in the large spot, even though their
size is comparable. This decrease in the brightness of penumbral
filaments was already reported by Löptien et al. (2020).

The most striking difference between PUDs and penumbral
filaments is that only the latter exhibit a polarity reversal in their
tails relative to the polarity of the umbra. The absence of a polar-
ity reversal in our observations of the tails of PUDs is unex-
pected since these features exhibit overturning convection. There
is most likely a polarity reversal that cannot be detected by Hin-
ode. Since the downflow velocities in the tails of the PUDs are
very weak (much weaker than for the penumbral filaments), the
field strength of the opposite polarity field in the tails should
be quite low. Hence, it could easily be obscured by the mag-
netic field of the surroundings or of higher atmospheric layers.
Alternatively, the polarity reversal could occur below the visible
surface. The tails of PUDs at τ = 1 look similar to the tails of
penumbral filaments at log τ = −2.5. Similar to PUDs at τ = 1,
the tails of short penumbral filaments exhibit only weak down-
flows (∼200 ms−1) and inclinations of about 60◦ at log τ = −2.5
(Tiwari et al. 2013).

These similarities between PUDs and penumbral filaments
raise the question of why there is such a rapid increase in bright-
ness at the UP boundary. There are two possible explanations
for this. The magnetoconvection in penumbral filaments could
be much more effective than the one in PUDs. Alternatively,
the number density of convective features could be higher in the
penumbra than in the umbra.

We derived estimates of the number densities of PUDs and
penumbral filaments by manually identifying features in a small
part of the sunspot in AR 10923. In the case of the PUDs, we
focused only on bright, elongated PUDs in the outermost umbra.
We counted the PUDs in a small patch of the outer umbra using an
image of the continuum intensity. For the penumbral filaments, we
inferred the number of filament tails in an image of the magnetic
inclination at τ = 1 for a small patch of the inner penumbra. The
resulting number densities are almost identical (∼0.35 1 Mm−2 for
the PUDs and ∼0.36 1 Mm−2 for the penumbral filaments). Our
estimate of the number density of PUDs is consistent with the
results of Watanabe (2014) for umbral dots (0.1−0.43 1 Mm−2),
but it is lower than the one of Kilcik et al. (2012) (1.9 1 Mm−2).
Thus, our results suggest that there are no significant differences
in the number density of convective features between the outer-
most part of the umbra and the inner penumbra.

Numerical simulations suggest that the vigorous magneto-
convection in penumbral filaments is very efficient in transport-

ing energy and that it is sufficient for explaining the brightness
of the penumbra (e.g., Heinemann et al. 2007; Scharmer et al.
2008; Rempel et al. 2009). Our results also indicate that penum-
bral filaments are much brighter, more extended, and harbour
much stronger flow velocities than the PUDs in the outer parts
of the umbra. We cannot rule out, however, that a part of the
excess brightness, velocities, etc., of penumbral filaments rela-
tive to umbral dots is due to the fact that they are better resolved
by the observations. We do not expect, however, this on its own
to explain the difference. Since penumbral filaments are signifi-
cantly larger than PUDs, their area filling factor is larger as well.
The combination of the higher brightness (especially at their
heads, which border the umbra) with the larger filling factor of
the penumbral filaments explains the rapid increase in brightness
at the UP boundary.

Figure 5 suggests that the length and the brightness of con-
vective features increase with decreasing strength of the verti-
cal magnetic field and increasing inclination. Unfortunately, our
results do not allow us to discriminate between these two fac-
tors (the correlation coefficients are similar, as can be deduced
directly from the figure). We also note that we show in Fig. 5 the
Bz and γ of the features themselves. However, the convection
alters the magnetic field within the convective cells. Therefore,
the magnetic field within the convective features does not rep-
resent the conditions in which the convective cells formed. The
larger size and higher brightness of penumbral filaments com-
pared to umbral dots are probably caused by differences in the
strength and geometry of the large-scale magnetic field in the
umbra and in the penumbra. While the magnetic field is strong
and almost vertical in the umbra, it is weaker and more inclined
in the penumbra.

Jurčák et al. (2018) observed that the mean strength of Bz at
the UP boundary was constant in their sample of spots. They inter-
preted this constant value of Bz to be the threshold for the transi-
tion from umbra to penumbra. However, their interpretation was
later challenged by Löptien et al. (2020), who attributed this con-
stant Bz to the decrease in the brightness of penumbral filaments
with increasing spot size (see also Fig. 5). In addition, penum-
bral filaments are elongated structures that are aligned with the di
rection of the horizontal component of the magnetic field in the
penumbra. This alignment indicates that a sufficiently large incli-
nation of the magnetic field is also important for the formation of
penumbral filaments, and so a low Bz on its own is not sufficient for
explaining the formation of the penumbra. Indeed, numerical sim-
ulations suggest that the elongation of convective cells is governed
by the inclination of the underlying magnetic field in the subsur-
face layers (e.g., Rempel et al. 2009). The higher the inclination,
the more elongated the convective features are. However, unlike
Bz, the inclination does not have a fixed value at the UP bound-
ary but instead increases with increasing spot size (Jurčák et al.
2018). This suggests that there is no threshold of the inclination
that would trigger the formation of the penumbra. Most likely, the
size, shape, and brightness of convective features are affected by
both the strength and the inclination of the magnetic field. Cur-
rently, it is unclear which combinations of Bz and γ can give rise
to penumbral filaments. Disentangling the influence of these two
factors is further impeded by the fact that they are not independent
from each other in sunspots.

Neither the inclination nor Bz exhibit a discontinuity at the
UP boundary but rather increase smoothly. Nevertheless, the
change of these parameters can be responsible for the rapid
increase in the brightness at the UP boundary. As discussed
above, both the size and the brightness of convective features
depend strongly on the properties of the underlying magnetic
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field. The combination of these two factors causes the integrated
brightness of convective cells to be very sensitive to changes in
the magnetic field strength and geometry.
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