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Abstract. A photometric analysis of the sub-structure of a granular light bridge in a large solar pore is performed.
The data consist of a 66 min time series of white light images (A = 5425 A £ 50 A) of an active region NOAA 7886
obtained at the Swedish Vacuum Solar Telescope on La Palma, Canary Islands. The light bridge can be resolved
into an assembly of small grains embedded in a diffuse background with an intensity of about 85% of the mean
photospheric intensity (Iphot). Following the temporal evolution of these sub-structures in their irregular motions
inside the light bridge, proper motions with velocities up to 1.5kms ™! can be detected. Their lifetime distribution
shows a maximum at 5 min and a second peak at approximately 20 min. The origin and the decay of these sub-
structures is very similar to those of granules, i.e. fragmentation, merging and spontaneous origination from, and
dissolution into, the background can be observed. Some of them are able to escape from the light bridge into the
umbra where they cannot be distinguished from adjacent umbral dots. Generally, this study presents evidence
that the observed phenomenon represents convective motions.
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1. Introduction

Time series of photometric solar surface data with high
spatial resolution exhibit a wide variety of phenomena as
a consequence of the non-linear dynamics of flow fields
and magnetic fields in the lower photosphere. After de-
scribing the structure and the time evolution of the gran-
ulation pattern in quiet regions in Hirzberger et al. (1997,
1999a,b) and the dynamics of fine structures in an active
region in Sobotka et al. (1999a), the present work is ded-
icated to the analysis of the internal structure and kine-
matics of a granular light bridge observed inside a large
pore (a sunspot lacking the penumbra).

Sunspots are the locations of the strongest magnetic
fields in the solar photosphere. However, the convective
transport is not fully inhibited and bright structures are
clearly visible (see Sobotka 1997, 1999; Vézquez 2001 for
a summary of their properties).

The presence of umbral bright features (umbral dots
and light bridges) can be explained theoretically either in
terms of the cluster model, where the umbra is formed
by a tight bundle of isolated thin flux tubes, separated
by field-free columns of hot plasma (Parker 1979a,b;
Choudhuri 1986), or in terms of magnetoconvection
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taking place in a coherent but inhomogeneous large flux
tube. Numerical simulations of magnetoconvection (Weiss
et al. 1996; Blanchflower et al. 1998) show that when in-
creasing the intrinsic magnetic field strength up to the
conditions present in a sunspot umbra, the flow structure
becomes completely controlled by the magnetic field. Thus
the convective cells are prevented from expanding. This
leads to a pattern of small and roundish convective cells
regularly ordered in a grid- or chain-like structure (um-
bral dots). For lower field strengths the magnetic field is
dominated by the convective flows, so that the flow field
becomes chaotic and the growing convective cells push out
the magnetic field into narrow lanes that surround them.
This might occur in the case of light bridges.

According to Vézquez (1973), the formation of so-
called “photospheric light bridges” in sunspots or pores
is a result of the decay of the spot and the restoration of
the granular surface. A positive correlation between the
brightness and upflow velocities was reported by Rimmele
(1997), who considered it as evidence for the magnetocon-
vective origin of photospheric light bridges. A systematic
reduction of the magnetic field strength in light bridges,
compared with the surrounding umbra, was found by
Beckers & Schréter (1969), Abdusamatov (1970), Kneer
(1973), and more recently by Wiehr & Degenhardt (1993),
Riiedi et al. (1995), and Leka (1997). The oscillations
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observed in light bridges are not in phase with those in
the adjacent umbral cores (Aballe Villero et al. 1993); this
supports the idea that, although the umbra and the light
bridges are at the same level in the atmosphere, they are
physically different structures.

The internal structure of light bridges can be granular
or filamentary. According to their width, light bridges are
classified as (Sobotka et al. 1994; Sobotka 1997):

- Faint light bridges (FLBs): these are narrow bright
streamers, which do not split the umbra. Their bright-
ness is similar to, or lower than, that of the penumbra.
Granular FLBs show granule-like structures (0”5 wide)
similar by size to umbral dots and small granules observed
in fields of abnormal granulation. Filamentary FLBs con-
sist of moving elongated bright grains, which are similar
to penumbral grains (Muller 1979).

- Strong light bridges (SLBs): broad structures (>2")
which cross the umbra, dividing it into two or more um-
bral cores. Their brightness is related to their width,
and reaches photospheric values for the broadest ones.
Granular SLBs (also known as “photospheric bridges”),
show two different populations of granules. One family
consists of structures of sizes similar to those of FLBs,
and the other with granules similar in size to photospheric
granules. The second family begins to dominate with in-
creasing width. Filamentary SLBs have a structure similar
to that of the penumbra.

In 1995 we were fortunate to get high-resolution time se-
ries of a large pore with an important amount of bright
structures, what surely produced its rapid decay in a few
days. In Sobotka et al. (1999a) we have studied the um-
bral dots of this pore and the adjacent granulation. Here
we will report about a photometric and dynamic study of
a faint granular light bridge crossing the pore.

2. Observations and data reduction

A time series of white-light images of a pore region
(NOAA 7886, Solar Geophysical Data No. 612) close to
the center of the solar disk (at p = 0.92) was obtained
at the Swedish Vacuum Solar Telescope on La Palma,
Canary Islands (see Scharmer et al. 1985). The observa-
tions were performed on 30 June 1995 using a broad-band
filter in white light (A = 5425 A £50 A). The total length
of the time series is 66 min and the image size is 57" x 48"
Typically, we used an exposure time of 11 ms and the im-
age scale was 07062 pix—!.

The system was configured to work as a real time
frame-selection device with selection intervals of 15s.
Considering the time to store the data on the disc, the
effective time spacing between two images was 20s on av-
erage. A typical value for the rms contrast in a subfield of
quiet granulation included in the images — after correcting
for dark field and flat field — was 7.6%. Many images show
fine structure close to the diffraction limit of the telescope
at the working wavelength (0724).
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After correcting for dark fields and flat-fields the im-
ages were carefully compensated for rotation of the field
of view in the focal plane produced by the altazimuthal
configuration of the telescope and for global shifts mainly
resulting from the insufficient bandwidth in the active mir-
ror servo response. Subsequently, the images were nor-
malized to the mean value of the photospheric intensity
(Ipnot) and were corrected for the telescope profile (as-
sumed diffraction limited) using a Wiener filter, F'(v) (see
Collados & Vazquez 1987) of the following form:

for v < 1y

1

Fl) = MTF(v) (1)
MTF(v) for v >y
MTFEZ()+C-(v—r0) 0

where v denotes the spatial frequency and MT F(v) is the
theoretical modulation transfer function of the telescope
aperture. C - (v — 1) models the inverse of the signal-to-
noise ratio (SNR). Thus, pure restoration is performed up
to v, i.e. the SNR is assumed to be infinity. Beyond v the
restoration operates in combination with filtering of noise
thus resulting in a smoothly decreasing function from the
maximum of restoration achieved about vy up to zero at
the cut-off frequency. The steepness of this decrease is
ruled by the value of C'. The parameters vy and C were de-
termined by trial and error to achieve a maximum restora-
tion together with the minimization of noise. The values
Vo = 2.22 arcsec™! and C' = 0.9 were the best compromise
in our case. Our restoration does not compensate the effect
of degradation induced by terrestrial atmospheric turbu-
lence since we have no information about it. Accordingly,
although we can expect little contribution from the atmo-
sphere because of the excellent quality of our material, our
results, as far as the photometric measurements are con-
cerned, have to be considered as slightly underestimated.

After the restoration for the telescope profile a time
series of sub-boxes (288 pix x288 pix) containing the large
pore of NOAA 7886 has been extracted. In order to min-
imize image distortions resulting from differential seeing,
this time series has been destretched using local correla-
tion tracking techniques (see November & Simon 1988)
implemented by Molowny-Horas & Yi (1994).

The final step in the data reduction was to apply a
subsonic filter to remove acoustic modes and virtual fast
motions induced by seeing. We used a filter with the cut-
off phase velocity set to 5kms~! (see Hirzberger et al.
1997 for a discussion).

The influence of the stray light in our measurements
can be neglected. Sobotka et al. (1993) and Bonet et al.
(1995), working with analogous observing parameters, i.e.
the same telescope, similar wavelength, good transparency
and excellent seeing, estimated the level of scattered light
as less than 1% of the mean intensity of the undisturbed
photosphere. A more detailed description of the observing
campaign and the data reduction can be found in Sobotka
et al. (1999a) and Fig. 1 shows one example of the com-
pletely reduced images from the time series containing the
pore.
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Fig. 1. White light image (A = 5425 + 50 A) of the large pore
in NOAA 7886 after applying all pre-reduction procedures.

3. Data analysis

The object of our study is a granular FLB with two arms,
located in the pore (Fig. 1). It seems to be composed of
an assembly of small and bright grains. Our first approach
for an image segmentation separating these grains was to
use an algorithm to detect their shapes automatically and
track them in time as we have done for quiet granulation
(see Hirzberger et al. 1997, 1999a). But since the size of
these grains is close to the resolution limit of the data,
the shapes detected by the algorithm were very sensitive
to the quality of the images and therefore it was impossible
to track them in time.

To avoid this problem, for detecting the grains in the
light bridge automatically we used a centre-finding algo-
rithm (see Title et al. 1989) after enhancing the contrast
of the grains by unsharp masking; i.e., smoothing the im-
ages by a convolution with a Gaussian (FWHM= 1"732)
and subtracting the smoothed image from the original one.
The centre-finding algorithm searches for pixels which are
local intensity maxima, i.e. pixels where all surrounding
pixels in each direction (vertical, horizontal and the two
diagonals) are fainter than the one considered. An exam-
ple of the result of this procedure is shown in Fig. 2. The
intensity maxima in the light bridge visible by eye are well
detected by this algorithm. This type of finding algorithm
also detects local intensity maxima with very low abso-
lute intensity values; i.e. it can also detect umbral dots.
We have separated them from the grains in the light bridge
assuming that they are fainter than 0.8 Iphot.

The disadvantage of this method for detecting struc-
tures in the images is that it does not allow their sizes to
be measured. We can obtain only their positions and their
maximum intensities.
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Fig. 2. Automatically detected (using a centre-finding algo-
rithm) local intensity maxima in the region of the umbral light
bridge.

4. Results

The visual impression of the light bridge is that the bright
grains seem to be embedded in a diffuse background which
is brighter than the surrounding umbra. Since we observe
features which are most probably below the resolution
limit of the telescope, this background, observed with
higher resolution would perhaps turn into narrow dark
lanes surrounding the bright grains. To estimate this back-
ground intensity we have to define somehow the bound-
aries of single grains. Based on the inspection of the best
resolved images we choose the value of 11 pix, i.e. (/68
as a good compromise between the typical size of single
grains and the average distance between them. We have
then taken the maximum intensity, Imax, of a grain as the
intensity of the pixel detected by the finding algorithm
and the observed minimum intensity of its surrounding
background, Iy, by the intensity of the darkest pixel in
a circle of 11 pix diameter.

Histograms of I,.x and I, are plotted in Fig. 3. The
curve for I ,x shows a maximum almost exactly at Iphot
and a sharp drop for higher intensities. Only very few
of the grains (mainly those from the region close to the
surrounding granulation) achieve intensities of 1.2 Ihot.
Additionally to the histogram of the maximum intensi-
ties of the grains in the light bridge a histogram of the
maximum intensities of the umbral dots is plotted in
Fig. 3. Both curves can represent a histogram of I .x
of all the bright structures in the umbra. Since this sec-
ond curve shows another significant maximum (approxi-
mately at 0.7 Ioho) and since both curves fall to zero at
0.8 Iphot, the two types of bright structures seem to be well
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Fig. 3. Histograms of maximum intensities, Imax (solid line),
minimum intensities, Imin (dashed line) of the grains in the
light bridge and maximum intensities of umbral dots (dotted
line). The minimum intensities were obtained from the darkest
pixel in circles of diameter 0”68 around the detected intensity
maxima. f denotes normalized number of elements.

separated by an intensity of 0.8 Ihot which was assumed
as a threshold to discriminate them (see Sect. 3).

The histogram of I, in the light bridge exhibits
a maximum at 0.85 I hot and a steep decrease towards
higher intensities. The plateau between 0.65 I hot and
0.75 Iphot is produced by those grains which are located
at the borders of the light bridge. The rms intensity
variations within the light bridge (inside a region with
I > 0.8 Iphot in the best image of the time series) amount
t0 6.55 x 102 Iphot which are 7.17% of the mean intensity
(0.913 Iphot) in this region. The rms intensity variations
of a quiet granular field of the the same image amount
to 8.74%.

The tracking of the detected grains in the light bridge
has been done manually. We have followed all the grains
forward and backward in time starting at image num-
ber 60 (33 grains) and image number 135 (31 grains).
The result from a statistics of the temporal evolution of
these 64 grains is shown in Fig. 4. The distribution of
the lifetimes, T, of the grains is shown in the left panel.
The histogram exhibits a maximum at around 7" = 5 min
and decreases for longer lifetimes with a significant sec-
ondary maximum at T = 20min. In fact, the visual im-
pression from looking at a movie of the light bridge is
that the grains are quite long-lived, which is probably re-
flected in this secondary maximum. A typical lifetime of
about 20min for the grains of a granular SLB also has
been found by Rimmele (1997). One of the tracked grains
seems to be very long-lived. We were able to reach neither
its birth nor its death. Therefore, we set its lifetime to
T = 66 min, i.e. to the total length of the time series.

The mean velocity, v, of the grains was computed by
first smoothing their trajectories (z;, y;) using a boxcar of
5 images’ duration:

42 i+2
Tn Z Yn
n=¢—2

n=i—2 —

5 ) yi:T

T =
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and, second, by averaging their x- and y-velocities

T =T _ Y~
Vg, = 2i T Jim

e
ot =t Yot —tia

(3)

in time and computing the Pythagorean sum:

<Ua:>2 + <Uy>2 )

v= (4)
where t; is the time of the ith image. The smoothing of
the trajectories had to be done for the reason that the dis-
tortion of the images by the seeing was not completely re-
moved by the pre-reduction procedures although we have
used the additionally destretched time series of sub-boxes
(see Sect. 2). The histogram of the resulting mean veloci-
ties of the grains is plotted in the right panel of Fig. 4. It
shows a peak at 250ms~! and a decrease towards higher
velocities. From this histogram it can be seen that some
of the grains seem to move with high velocities of more
than 1kms™—!. These high velocities do not seem to origi-
nate from seeing effects. After smoothing the trajectories,
all these effects should be removed. A confirmation of this
result is given in Fig. 5, where the smoothed trajectories of
the 64 tracked grains are plotted. Some of them move fast
and almost straight ahead, whereas the motion of most
of them seem to be quite irregular as in a random walk.
In general, no preferred direction of the trajectories can
be detected. The reason for this irregular motion might
be that the grains are pushing against each other, which
makes some of them moving fast straight ahead, whereas
others are deflected when they run against another grain.
The grains with the fastest motions are those which are
able to escape from the light bridge.

An interaction of convective elements is also seen
in quiet granulation. Numerical simulations of Stein &
Nordlund (1998) indeed show that quiet granules are push-
ing against each other. Since the motions of the grains in
the light bridge show a similar behaviour, this can be con-
sidered as an additional proof of their convective origin.
On the other hand the large-scale motion of quiet gran-
ules is mainly determined by super- and mesogranular flow
fields. In sunspot umbrae supergranular flows are inhibited
by magnetic fields; hence, the motion of the convective el-
ements inside the umbra can only be determined by the
interaction with their nearest surroundings (i.e. adjacent
grains and/or magnetic fields).

Another question that arises when tracking the grains
in the light bridge is the nature of their “birth” and
“death” mechanisms, i.e. at what stage of their evolu-
tion the tracking should be stopped. Our impression is
that they behave very similarly to normal granules. We
were able to find all the birth and death mechanisms that
can also be seen for granules: fragmentation, merging, and
dissolution to and spontaneous appearance from the back-
ground. The only problem that we have is that sometimes,
when they are born or die, they are smaller in size or closer
to each other than the resolution limit of our data. Hence,
for many of them we cannot distinguish whether they dis-
solve into the background or become absorbed by a bright
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Fig. 4. Histograms of lifetimes, T (left panel), and mean velocities, v (right panel), of the 64 tracked grains in the light bridge.
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Fig. 5. Smoothed trajectories of the grains in the light bridge. In the left panel those grains where the tracking was started in
image number 60 and in the right panel those grains where the tracking was started in image number 135 are displayed. The
dark ends of the trajectories denote the positions of the birth of the grains; the bright ends correspond to the positions of their
death. The contour lines correspond to 75% of the photospheric intensity in a summation of all the images of the time series.

adjacent grain (merge). In Fig. 6 three examples of dy-
ing grains are shown: the first (upper panels) is clearly
splitting, the second (central panels) is dissolving into the
background, and the third (lower panels) seems to merge
with a large and bright neighbouring grain.

Dissolving grains can be classified into two different
types. If the grain is pushed out of the light bridge into the
umbra it can be followed until it reaches the intensity level
of the umbra itself, which is — due to its rich internal struc-
ture — around 0.5 Iphot ON average with minimum intensity
values close to 0.34 I,hot. Those grains which remain in the
light bridge can be followed only until they reach the back-
ground intensity of the bridge, which is much higher than
that of the umbra.

Another significant phenomenon can also be seen in
Fig. 6 (upper panels). The grains in the light bridge some-
times tend to be ordered regularly in chains of more
than two arcseconds in length; i.e. these chains sometimes

contain five or more grains. This regularity is a transi-
tory effect and the chain decays after a few minutes, but
this spontaneous arrangement can recur many times in the
light bridge but not always exactly at the same position.

An impression of the evolution in the light bridge can
be also gained from the time-slices shown in Fig. 8. Two
straight lines (“slits”) were put on the two main arms of
the light bridge (see Fig. 7) and the time evolution of
the structures covered by the two lines is followed. The
first time-slice (which lies across the major arm of the
light bridge) shows that the grains can behave very dif-
ferently. The very large and bright feature which is lo-
cated between © = 2”8 and x = 4”2 (at t = 0) grows and
decays in several steps almost like a quiet granule. (An
alternative explanation for this behaviour might be that
the feature is moving in and out of the “slit” but it has
been checked that this definitively does not happen in this
case.) The fainter small grain located at & = 2”3 seems to
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Fig. 6. Three examples of the death of grains in the light bridge. The upper panels show a clear fragmentation, the central story
shows a dissolution into the background, and in the lower panels a merging of two grains can be seen.

be very long-lived but fragments into several other grains,
which cover almost the total length of the light bridge
after about 60 min. This event shows impressively how a
spontaneous arrangement of the small grains can develop.
At the inner end of the light bridge (at x = 173) a very
stable structure can be seen that has a lifetime of more
than 30 min and does not seem to move at all within this
time.
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Fig. 7. Positions of the straight lines chosen for the two time-
slices (shown in Fig. 8) in the first image of the time series.

The grains in the minor arm of the light bridge (the
second time slice in Fig. 8) show much less dynamics than
those in the other arm. The reason for this might be that
this arm is much narrower and the evolution of the grains
in inhibited by the high magnetic field strength in the

surrounding umbra. The only event that we can see is a
splitting of the bright grain at x = 2”7 at ¢t = 4 min.

Both time-slices in Fig. 8 show that the dynamics of
the outer part (close to the edge of the pore) of the light
bridge is more similar to that of quiet granulation than its
inner part. This means that the size of the grains decreases
and their lifetime increases the deeper they are located
in the umbra. This is in good agreement with the model
simulations of Weiss et al. (1996) and Blanchflower et al.
(1998) if it is assumed that the magnetic field strength is
higher in the inner end of the light bridge than in its outer
end. Measurements of Riiedi et al. (1995) show that the
field strength in SLBs is about 1500 G lower than in the
surrounding umbra. Qualitatively similar results have also
been found by Beckers & Schréter (1969), Abdussamatov
(1970) and Kneer (1973).

5. Discussion and conclusions

We have observed time series of images of a pore region
close to the centre of the solar disc. One of the pores in our
images contains a relatively large FLB (see classification
in Sect. 1) with two arms. Due to the excellent quality of
our data the light bridge can be resolved into small grains.
Formerly, light bridges have been studied in sunspots (e.g.
Sobotka et al. 1993), and the present work is the first
time that a detailed study is done in pores. However, we
think that, basically, the properties of this FLB can be
extrapolated to FLBs is mature sunspots.

Lifetimes, velocities and trajectories have been derived
by tracking individual grains in the light bridge along
the series of images. The histogram of lifetimes shows a
maximum at 7' = 5 min and a significant secondary peak
at 20 min. One of the tracked grains survives all through
the whole time series.

The histogram of mean velocities exhibits a maxi-
mum at 250ms~! but grains moving faster than 1kms™!
are also found. Most of the grains move in irregular
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Fig. 8. Time-slices of the two main arms of the light bridge. x = 0 corresponds to the end of the light bridge closer to the centre
of the umbra. The left panel shows the evolution of the major arm and in the right panel the evolution of the minor arm is

displayed.

trajectories as in a random walk but some of them move
fast and almost straight ahead.

From observations by Rimmele (1997), it may be con-
cluded that the bright grains of light bridges correspond
to convective cells because their intensity is well correlated
with local vertical upflows, whereas in the darker lanes be-
tween the grains downward motions were found. Sobotka
et al. (1994) have computed two-dimensional power spec-
tra of light bridges. The slopes of these power spectra
indicate the presence of a Kolmogorov turbulent cascade,
although this diagnostic tool has been criticized as a nu-
merical artefact by Nordlund et al. (1997).

Also, our observations provide evidence that photo-
spheric light bridges consist of convective cells. The grains
of light bridges are — similarly to quiet granules — able
to fragment, merge, or dissolve into the background (see
Fig. 6) and their proper motion is more or less random
like the irregular motion of granules. (In quiet granula-
tion an additional proper motion produced by meso- and
supergranular flows can be detected.) The dynamics of the
grains in the light bridge close to the edge of the umbra is
more similar to that of granules, whereas in the inner part
of the light bridge the dynamics of the grains seems to
be totally dominated by the magnetic field, leading some-
times to a very regular arrangement of the grains (see

Fig. 6, upper panels and Fig. 8). This result agrees very
well with numerical simulations of Weiss et al. (1996) and
Blanchflower et al. (1998), who have shown that the struc-
ture of the convective cells is strongly dependent on the
magnetic field strength.

Some of the grains in the light bridge can — as they
move — penetrate very far into the umbra. If they do so,
they hardly can be distinguished from umbral dots. A close
similarity between umbral dots and light bridges has al-
ready been suggested by Parker (1979b). Comparable pro-
cesses have been observed by Sobotka et al. (1999a), us-
ing the same material as in this paper, with photospheric
granules entering into the pore. Penumbral grains have
also been observed entering into an umbra, and continu-
ing there as umbral dots (Sobotka et al. 1995, 1997Db).

The brightness structure of the light bridge makes it
look as if the bright grains are sitting in a diffuse back-
ground that is much brighter than the surrounding dark
umbra and does not change its shape very much through-
out the entire time series.

Another remarkable feature of our light bridges is that
the rms intensity fluctuations inside the light bridge are
with 7.17%, considerably lower than in quiet granula-
tion (8.74%). A reduction of the intensity contrast can
also be detected when comparing abnormal with quiet
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granulation. In former studies of abnormal granulation
(e.g. Dunn & Zirker 1973; Bonet et al. 1984; Title et al.
1989; or Brandt & Solanki 1990) it is usually mentioned
that the rms intensity fluctuations are smaller than in re-
gions of quiet granulation. Thus it might be concluded
that the presence of magnetic fields reduces the inten-
sity fluctuations of a convective pattern. This might be
explained by a reduction of the cell sizes and distances,
which causes lateral radiative heating of the surroundings
of small convective elements.

The histogram of grain speeds in light bridges looks
very similar to that of inward penumbral grains (Sobotka
et al. 1999b), but the corresponding lifetimes are much
longer for the latter structures, and also for umbral dots
(Sobotka et al. 1997a), although the shape of the distri-
bution is similar.

In short, we have a common physical process, the mod-
ification of the granulation by surface magnetic fields. The
resulting effect depends on the strength and geometry of
the magnetic field. The transition between abnormal gran-
ulation, light bridges, penumbral grains and umbral dots
has not clearly been established yet, both from the mod-
eling and observational points of view.
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