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Abstract. Two time series, taken simultaneously in the G-band and in white-light, and corrected for telescope aberrations and
turbulence perturbations using the method of phase diversity, are employed to study the motions of granules and G-band bright
points (GBPs) in the moat of an old regular sunspot. Local correlation tracking and feature tracking have been utilized for this
purpose. A large-scale radial outflow with a mean velocity of 0.51 kms~! has been measured in the sunspot moat. Centres of
diverging horizontal motions, identified with families of granules formed by repeatedly splitting granules, move away from
the sunspot. Most of the GBPs in the moat also move outwards through radially orientated “channels” (confined between the
borders of adjacent families) with velocities comparable to those of the adjacent granules. However, 6% of the GBPs move
faster (>1.4 kms™!) than the neighbouring granules. GBPs in the moat are not regularly distributed but they are less frequent

on its solar centre side.
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1. Introduction

In the first paper of this series (Bonet et al. 2004; hereafter
Paper I), we investigated the relation between penumbral and
photospheric features in a decaying sunspot in order to bet-
ter understand how the convection interacts with the sunspot
magnetic field. The main results of Paper I can be summa-
rized as follows: some outward moving penumbral grains cross
the penumbra-photosphere boundary and continue moving as
small bright features (as bright as regular granules, but not as
bright as G-band bright points in G-band filtergrams), or they
expand and develop into structures of the size and brightness
of granules; G-band bright points (GBPs) are not born inside
sunspot penumbra, but outside, often close to dark penumbral
fibrils just at the penumbra-photosphere boundary.

The latter result confirms the finding by Ryutova et al.
(1998) that the magnetic features moving away from sunspots
frequently appear along the continuation of dark filaments. The
magnetic flux is then carried away to the surrounding network
throughout the moat (Sheeley 1969; Vrabec 1971; Harvey &
Harvey 1973; Wallenhorst & Topka 1982; Muller & Mena
1987; Ryutova et al. 1998) which is an annular cell of system-
atic horizontal outflows, 0.5 to 1 kms™!, surrounding sunspots
in late phases of evolution (Sheeley & Bhatnagar 1971;

Sheeley 1972; Muller & Ména 1987). Soon after the discov-
ery of this flow, which is very similar to that found in super-
granules, Sheeley (1972) suggested that a decaying sunspot oc-
cupies the centre of a supergranular cell, and that small-scale
fragments of magnetic flux are carried away from sunspots by
the supergranular flows. This was observed, among others, by
Harvey & Harvey (1973) in a series of magnetograms, and
by Muller & Ména (1987) in a series of high-resolution im-
ages taken in the G-band (around 4305 A), showing many lo-
cal brightenings, the GBPs, moving away from the sunspot.
Schmidt et al. (1985) suggested that this process contributes
to the decay of sunspots.

As in supergranules in the quiet Sun, Muller & Ména
(1987) and Shine et al. (1987) found that the granules in the
moat are advected towards its outer boundary. In addition to
this systematic drift, granules exhibit local horizontal motions,
mostly related to splitting and expansion. In the quiet photo-
sphere far from sunspots, repeatedly splitting granules produce
long-lived structures called “families of granules” (Kawaguchi
1980; Roudier et al. 2003). Using a feature-tracking tech-
nique, the latter authors found that a significant fraction of
granules are organized in the form of spatio-temporal “trees
of fragmenting granules,” equivalent to families of repeatedly
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splitting granules, originating from a single granule at the
beginning. Families with lifetimes longer than 1.5 h cover 62%
of the total area. Such long-lived families produce coherent di-
verging flows that can be identified to mesogranules. The cu-
mulative effect of a sequence of different less long-lived fam-
ilies partially overlapping in time can also produce diverging
flow (Roudier & Muller 2004).

Muller & Ména (1987) found from measurements in the
sunspot moat that GBPs move more rapidly on average than
the granules. If true, the difference of velocities would show
that the magnetic field does not move passively, being carried
away by the convective flow, but rather that the magnetic field
and convective flows interact in a complex way (Schmidt et al.
1985; Ryutova et al. 1998; Thomas et al. 2002). Making use of
the excellent quality and continuity of our observing material,
one of the aims of this paper is to compare the motion and the
velocity of granules and GBPs in the moat. Since we are mainly
interested in concluding whether the convective structures and
GBPs are transported by the same large scale steady outflow,
we consider the granules in our segmentation as global objects
regardless of their internal structure. “Local correlation track-
ing” and “feature tracking” techniques are commonly used to
follow the motion of structures on the solar surface. We will
employ the same tracking method for both structures to prevent
a possible differential bias between both techniques. Feature
tracking is the more suitable tool for this purpose since the mo-
tion of GBPs can better be tracked this way. The relative motion
must be studied very locally for adjacent GBPs and granules to
ensure that they are both carried by the same flow.

The present paper is an extension of Paper I based on
two 2-h series of sunspot images reconstructed with the phase
diversity technique (henceforth PD). The long duration of the
series, together with the excellent and stable quality during the
whole period, makes the identification and tracking of small
features possible (see Fig. 1 of this paper and also movies at
the web site: http://www.iac.es/proyect/solarhr). We
concentrate on horizontal motions in the surroundings of a de-
caying sunspot. The velocity fields in granulation around the
sunspot are analysed. Also, the relation between the families
of granules and the centres of diverging flows in the sunspot
moat is studied. Finally, the velocities of GBPs and adjacent
granules are re-compared using feature-tracking techniques for
both types of objects.

2. Observations and data processing

Two simultaneous time series of images in white-light
(1450.7 nm, FWHM = 0.9 nm) and in the G-band (1430.8 nm,
FWHM = 1.1 nm), respectively, were obtained on 1999 July 7
at the Swedish Vacuum Solar Telescope (SVST, Observatorio
del Roque de los Muchachos, La Palma — see Scharmer et al.
1985). The series follow the evolution of the leading sunspot of
a decaying bipolar group NOAA 8620, close to the solar disc
centre at u = 0.93, for more than two hours.

The observational strategy for each observing channel con-
sisted in taking pairs of simultaneous focused—defocused im-
ages in order to apply later the PD technique for image re-
construction (Gonsalves & Childlaw 1979; Gonsalves 1982;
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Fig. 1. A G-band image of the field studied (08:04 UT), restored with
the phase diversity technique. The darkest levels of the grey scale at
the sunspot centre are saturated. A set of small pores lies at the upper
right corner of the field. The white bar in the lower left corner is 1”
long and 0725 thick. Gray diffuse borders of the frame stem from the
apodization in the subsonic filtering process. The arrow in the centre
of the sunspot points to the solar disc centre.

Paxman et al. 1992; Lofdahl & Scharmer 1994;Paxman et al.
1996). This technique allows a subtantial correction for the
aberrations induced by both the telescope and the turbulent ter-
restrial atmosphere.

Prior to restoration, all images were pre-treated for dark-
and flat-field corrections. The restored images were derotated,
aligned, destretched, and filtered for p-modes in k — w space
(threshold phase velocity = 5 kms™'). Two movies were pro-
duced, for white-light and the G-band, of 288 frames each,
spanning over 2 h (At = 25 s) and covering a field of view
(FOV) of 46” x 75" (560 x 910 pixels), with the sunspot lo-
cated in the centre.

Apart from the PD observations at the two wavelength
bands mentioned above, a complementary data set was ac-
quired in the Ca 11 K line (1393.3 nm, FWHM = 0.3 nm) at
a mean rate of one image per 30 s interval, for monitoring
the magnetic activity in the observed field. Figure 2a shows a
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Fig. 2. a) Magnetogram from part of the SOHO/MDI full-disk magne-
togram (at 08:00 UT) covering a wide region around the field studied.
The signal is saturated at 100 G. b) Ca II K image taken at 07:57 UT
(confined by the black square) overlying the magnetic signal in abso-
lute value. The area within the rectangles in panels a) and b) corre-
sponds to the field studied in the white-light and G-band time series
throughout this article. The circles in the upper right corners represent
a reference size for supergranulation cells (~35").

magnetogram from SOHO/MDI (Scherrer et al. 1995) in a wide
region around the area of interest. The MDI signal in the qui-
etest areas of our FOV is (1. + 7.4) G, with the rms matching
the MDI noise (e.g. 6.9 G for Hagenaar 2001). In Fig. 2b polari-
metric signals in absolute value are represented and overlying
is a Ca I1 K image (confined by the black square), taken at ap-
proximately the same time, that has been employed to precisely
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Table 1. Rough average values of magnetic flux density in different
regions of the FOV studied in white-light and the G-band (extracted
from the SOHO/MDI magnetogram at 08:00 UT).

Region in the FOV Mag. signal [G]
(absolute value)
Umbra 1370.
Penumbra (solar limb side) 540.
(solar centre side) 400.
(total average) 450.
Moat (solar limb side) 20.
(solar centre side) 23.
(total average) 30.
Supergranular boundary 60.
Quiet areas 6.
Active area above the sunspot 250-530.

locate the position of the observed field in the magnetogram.
The area within rectangles in panels (a) and (b) corresponds
to the FOV studied in the white-light and G-band time series
throughout this paper. The borders of two supergranular cells
intersect this FOV at the lower and upper left corners, respec-
tively. The trace of these borders is also present in the map
of mean horizontal velocities shown in Fig. 4. Apart from in
the sunspot, the magnetic signal is also enhanced in the up-
per central and right parts of the FOV, i.e. in the region of the
small pores. Table 1 summarizes rough average values of the
unsigned magnetic signal in different regions of the FOV. On
the solar limb side of the penumbra the magnetic signal is en-
hanced as compared to the opposite side. In the moat no sig-
nificant difference between either side is measured although a
remarkable enhancement of the signal is found in its upper right
part (57 G).

A glance at Fig. 2a reveals the nearly circular moat bounded
by magnetic structures.

To isolate GBPs, the white-light images were aligned ex-
actly with the corresponding G-band frames and their granu-
lar contrast was reduced to match the contrast observed in the
G-band. The white-light frames were then subtracted from the
G-band ones, thus producing intensity difference images with
the GBPs substantially enhanced. The segmentation was done
by thresholding and multiplying the obtained binary masks by
the original G-band frames.

The segmentation of granulation was performed in the
white-light images following the method by Strous (1994). For
further details of the observations, image treatment and seg-
mentation techniques we refer the reader to the Paper I of
this series.

3. Results

3.1. Motions of granules in the surroundings
of the sunspot

The white-light images were used to study horizontal motions
of granules in the full 46" x 75” FOV by means of a local
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Fig. 3. a) One of the 24 maps of horizontal velocities, averaged over 5 min. The coordinate unit is 0”083 (1 pixel). The length of the black bar
at coordinates (0, 0) corresponds to 1 kms™'. b) Average image of the correponding 5-min white-light series.

correlation tracking method (LCT, November & Simon 1988;
computer code by Molowny-Horas & Yi 1994). The FWHM of
the Gaussian tracking window was set to 0’75 (approximately
the half of the typical granular size) and the time-averaging in-
terval to 5 min (12 frames). A sequence of 24 velocity maps
was obtained during the 2-h period of the time series. One of
the maps (the thirteenth in the sequence) is shown in Fig. 3a.
Numerous centres of diverging horizontal motions, of average
size of 3", caused mostly by expansion and splitting of granules
and commonly associated with mesogranules (Roudier et al.
2003; Roudier & Muller 2004), are present in the whole field
outside the sunspot. In this paper we call them “rosettas”, a
term that has been used by several authors like Sobotka et al.
(1999) or Roudier et al. (2002). For the sake of clarity, we
will define the meaning that we assign to the terms rosetta
and mesogranule. Rosetta refers to divergences in flow vec-
tor maps computed with high resolution integration parametres
(typically 07 and 5-10 min); they correspond to “strong pos-
itive divergences among which the exploding granules are the
most energetic” (Rieutord et al. 2000). This is the kind of di-
vergence structures shown in Fig. 3a. Mesogranules correspond
to complexes of granules exploding and expanding recurrently
and they are detected with larger integration parametres (typi-
cally 175-5"” and 15-30 min); they are related to the families

of granules as we will discuss below. For comparison with the
velocity fields in Fig. 3a, an average image calculated for
the corresponding 5-min white-light time series is shown in
Fig. 3b.

A movie composed of these 24 velocity maps shows that
in the moat surrounding the sunspot the rosettas move away
from the spot. To study this motion, we converted the velocity
maps into a series of images of divergence structures, i.e. im-
ages mapping the values of the divergence in a grey scale rep-
resentation. Since these structures change their shape strongly
with time, we had to remove this disturbing small-scale effect
by smoothing the images with a Gaussian kernel of FWHM =
1’5, half the typical size of the rosettas. Thus, only significant
tracers, representing positions of the rosettas, were preserved.
The LCT algorithm, with the FWHM of the Gaussian track-
ing window of 3" and the temporal averaging interval of 2 h,
was then applied to the series of 24 smoothed images of diver-
gence. The resulting velocity map is shown in Fig. 4. The moat,
8" wide on average, can be seen quite clearly in the figure. For
the following analysis, the moat region is defined empirically
as an area between the sunspot border and the isovelocity line
of 0.32 kms~!. This line was found to be the best separation be-
tween the regular motions directed from the spot and the other
motions in the field.
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Fig. 4. Map of horizontal velocities of divergence structures, showing
large-scale flows. The coordinate unit is 07083 (1 pixel). The length of
the black bar at coordinates (0, 0) corresponds to 1 kms~!. Note that
the velocity scaling differs from Fig. 1. The velocities inside the spot
were set to zero.The background represents the average image of the
white-light series. The moat region is outlined by a white contour.

According to the size of the tracking windows and integra-
tion times fixed in the previous paragraphs it can be concluded
that Fig. 4 gives essentially account of the large-scale steady
or quasi-steady velocity flow transporting the divergence cen-
ters (vq), whereas Fig. 3a represents granular velocities (vg)
resulting from the combination in a vector summation of two
components, namely the expansion and splitting of granules as-
sociated with mesogranular flows (vé) and the large-scale flow
driving the divergence centers. Accordingly, the “net” expan-
sion velocities in rosettas can be obtained, at least to a first
approximation, as: v,

Figure 4 shows in the sunspot moat the large-scale regular
outflow that carries granules and divergence centres away from
the sunspot. We can also observe in Fig. 4 that the velocities of
the divergence structures are generally smaller at the top of the
field of view (above the moat), where several small pores are
present, compared to the bottom part (below the moat), where
speeds of up to 1 kms™' are observed in the coordinate range
(0-250, 0-200). These high velocities are related to a part of

= Vg — 4.

1093

Table 2. Mean velocities in different regions (km s™!). Standard devi-
ations characterize the width of the distribution of measured speeds.

Region Moat Bottom Top
Granules
(5 min avg.) 0.79+0.43 0.80+0.44 0.73+0.41
Large-scale flows  0.51 £0.13 0.36 £0.21 0.25+0.12
Rosetta expansion  0.64 £0.36 0.72+0.38 0.68 £0.39
Centroids of

families 0.54+021 047+023 0.34+0.18

the large regular supergranule adjacent to the moat, observed
in the lower left corner of our FOV (see Fig. 2).

Mean values of velocity magnitudes, together with stan-
dard deviations that characterize the dispersion of individual
speeds, are summarized in Table 2 for the moat and for the bot-
tom (below the moat) and top (above the moat) parts of the
FOV. The first row in the table corresponds to v, as derived
from the 24 velocity maps averaged over 5 min (like that in
Fig. 3a). The mean velocities of granules are nearly equal in
the moat and in the bottom part of the field, which contains
quiet granulation and a supergranular boundary. The top region
with granulation and small pores shows a reduced mean veloc-
ity due to the presence of high magnetic signal in and around
the pores. The second row in the table describes the mean be-
haviour of vq (Fig. 4). The mean velocity of divergence struc-
tures is largest in the moat, where the velocities are organized
in a radial pattern, and smallest in the top region with pores.
The values in the third row represent the mean expansion ve-
locities in the rosettas: vy — vg. These velocities are largest in
the bottom region, where the magnetic field is weak, and low-
est in the moat. This indicates that the magnetic field dispersed
in the moat and around the pores reduces the expansion speeds
in the granulation.

3.2. Families of granules in the surroundings
of the sunspot

An alternative description of motions and evolution of gran-
ules can be made in terms of families of granules. To do this,
each white-light frame is segmented, i.e. converted into a mask
where pixels belonging to granules have non-zero values and
the rest are set to zero. The evolution of granules is then
tracked in time, taking appearances, disappearances, splitting
and merging into account. A granule during its lifetime and all
granules originating from it by splitting are labelled by a unique
number. If some of these granules split again, more and more
granules are labelled by the same number and form a family.
This technique is described in detail by Roudier et al. (2003).
In total, 269 families living longer than 1 h were detected
in the field of view: 131 in the moat (defined in Sect. 3.1),
70 in the part below the moat, and 68 in the pore region above
the moat. The presence of long-lived families in the moat indi-
cates that the creation of new granules by splitting is usual also
near the sunspot. Each family, at a given time, is character-
ized by its area and by the position of the centroid of this area.
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Fig.5. Areas of families (distinguished by different shades of
grey/different colours in the electronic version) superposed on the map
of horizontal velocities (LCT, 20-min averaging). The coordinate unit
is 07083 (1 pixel).

The area of the family is the total area covered, in the seg-
mented image, by the granules belonging to the family.
Roudier et al. (2003) suggested that the long-lived families
are fundamental in structuring the horizontal velocity field in
the quiet granulation. The collective action of splitting gran-
ules generates diverging flows that, after averaging in time, are
detected by LCT in the form of mesogranules. The coherence
of families and mesogranules around the sunspot was checked
by comparing the LCT velocity maps, computed with a time-
averaging interval of 20 min, with the spatial distribution of
families represented by their areas integrated over the same pe-
riod. An example is shown in Fig. 5. We can see from the fig-
ure that the cumulative areas of families and the mesogranules
are co-spatial in the whole FOV, including the moat. This sug-
gests that, as in quiet regions, the local divergent motions in the
vicinity of sunspots are connected with the long-lived families.
In the moat, local divergent motions of granules are com-
bined with the radial large-scale outflow. This can also be ob-
served in many elongated mesogranules in Fig. 5, where the
velocities away from the spot are higher than those directed to-
wards the spot. The family centroids move consistently with

J. A. Bonet et al.: Phase diversity restoration. II.
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Fig. 6. Trajectories of centroids of the families of granules represented
in Fig. 5, superposed on the map of divergence structures (white =
positive) averaged over 2 h. The coordinate unit is 07083 (1 pixel).

this outflow. In Fig. 6 are plotted the trajectories of the cen-
troids of all the long-lived families during the whole 2-h pe-
riod, superposed on a map of LCT divergence structures, com-
puted with the 2-h time-averaging interval. The trajectories are
ordered radially in the moat and are located mostly in the re-
gions of positive divergence. Outside the moat, the trajectories
are oriented more randomly, with the exception of the bottom
left part of the field, where they are ordered by the flows of
a regular supergranule. The average velocities of the centroids
(see Table 2, last row) are comparable with the LCT large-scale
velocities derived from the motions of divergence structures
(Table 2, second row).

3.3. G band bright points in the moat

A feature-tracking technique (Sobotka et al. 1997) was ap-
plied to the series of segmented images containing GBPs to
measure lifetimes, spatial distribution and velocities. In total,
1508 GBPs lasting longer than 2.5 min, with time-averaged
diameter >(0//28 and time-averaged velocity below 4 kms™!,
were detected in the field of view. The above criteria were set
to eliminate noise and improve the reliability of the results.
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Fig. 7. Positions of GBPs (white) superposed on the map of horizontal
velocities (LCT, 2 h averaging).

About a half of the GBPs (776) were located in the moat as
defined in Sect. 3.1. Outside the moat, the GBPs were mostly
concentrated around the pores above the sunspot and along the
supergranular boundary in the lower part of the field.

The lifetimes of GBPs range from 2.5 to 120 min (the dura-
tion of the series) and the mean is 13 min. The number of GBPs
decreases with increasing lifetime. The lifetimes of GBPs in-
side the moat do not differ from those in the rest of the field.
They are in good agreement with those obtained by Muller
(1983) in the quiet sun (15 min).

The positions of all 1508 GBPs measured in all frames of
the series are plotted in Fig. 7, together with the LCT velocities
of granules obtained with the time-averaging interval of 2 h.
The LCT velocity pattern in the moat is a combination of di-
verging flows and the moat’s large-scale outflow. The meso-
granules appear elongated for this reason. We can see from the
figure that the GBPs concentrate to the locations of convergent
horizontal motions. Inside the moat, the GBPs are mostly lo-
cated in “channels” between the diverging flows, or, equiva-
lently, between the areas of families of granules where the re-
peated granule splitting and expansion take place. It appears
that GBPs cannot enter inside the divergent flows.
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Table 3. Parameters of outward- and inward-moving GBPs (lifetime >
10 min) in the sunspot moat. Standard deviations characterize the
width of the distribution of measured values.

GBPs Lifetime Displacement Velocity
(min) (arcsec) (km s™!)

Outward 28 £23 1.5+1.0 0.74 £ 0.40

Inward 13+4 0.7+0.4 0.69 +£0.38

The time-averaged horizontal velocities of GBPs were cal-
culated from their positions during the lifetime. The clouds
of x- and y-coordinates versus time were approximated by
least-squares linear fits. The slopes of these lines represent the
x- and y-components of the time-averaged velocities. The mea-
surement accuracy obviously increases with increasing life-
time. For this reason, we used GBPs with lifetimes longer
than 10 min. In this case, the velocity is measured with a stan-
dard deviation of about 0.05 kms~!. We checked the trajecto-
ries of GBPs visually to eliminate spurious objects and mis-
takes in tracking, and obtained a final sample of 249 GBPs in
the moat and 194 GBPs in the rest of the field. On average,
GBPs inside the moat move faster (0.74 + 0.40 kms™!) than
those outside (0.52 + 0.40 kms™!). Standard deviations char-
acterize the width of the distribution of measured speeds.

Inside the moat, 238 GBPs move outwards, away from the
sunspot, and only 11 GBPs (4.4%) move towards the spot.
Lifetimes, total lengths of displacement and time-averaged ve-
locities of outward- and inward-moving GBPs are summarized
in Table 3. We can see that the outward-moving GBPs live
longer and travel at longer distances than the inward-moving
ones. This fact is probably related to the interaction of GBPs
with granules that move mostly away from the sunspot. The
inward-moving GBPs are located between exploding granules
and the outer penumbral boundary. Their motion is strongly in-
fluenced by the expansion of exploding granules.

To check whether GBPs in the moat move “passively”, car-
ried along by the same agent as the neighbouring granules, or
whether they are driven by a different mechanism, a local com-
parison of the time-averaged velocity vectors of GBPs and the
adjacent granules was done. For this purpose, we used the sam-
ple of 249 GBPs with lifetimes longer than 10 min and the re-
sults of the tracking of granules (here the feature-tracking tech-
nique was employed also for granules) that lasted longer than
5 min. The granules were represented by the positions of the
centroids of their areas given by the number of pixels integrat-
ing each segmented granule. To eliminate long-lived small fea-
tures, possibly identical with GBPs, only granules with time-
averaged diameters larger than 0’35 were taken into account.
The diameter of a granule corresponds to that of a circle with
equivalent area. The positions of GBPs and granules were com-
pared each 2.5 min and the granules within the distance of 1’5
were selected as adjacent to a given GBP. The mean of the time-
averaged velocity vectors of all the granules selected during the
GBP’s lifetime was then calculated to characterize the aver-
age velocity vector of the granular motions near the trajectory
of a GBP. Mean velocity magnitude and radial and tangential
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Table 4. Mean velocities of GBPs and neighbouring granules in the
moat (kms™!). Standard deviations characterize the width of the dis-
tribution of measured values.

Velocity Magnitude Radial Tangential
component component

GBPs 0.74 £ 0.40 0.62 +0.46 —-0.02 £ 0.33

Granules 0.65+0.29 0.57 £0.32 -0.07 £0.27

component values of the velocity vectors, calculated with re-
spect to the sunspot centre, are shown in Table 4.

We can see from the table that the average tangential ve-
locity components of GBPs and of adjacent granules are small
compared to the velocity magnitudes. This means that motions
in the moat have predominantly radial directions. On average,
the magnitudes and radial components of velocities are greater
for GBPs than for the granules. More information about this
effect can be retrieved from Fig. 8, where the histograms of
these quantities are plotted. The distribution of GBP velocity
magnitudes (solid line) is very similar to that of granules (dot-
ted line) until 1.4 kms™!, where a new population of “fast”
GBPs begins. Fast moving bright points were described pre-
viously by Ryutova et al. (1998), as GBPs in a moat, and by
Muller (1983) and Muller et al. (1994), as “white-light bright
points” in the quiet photospheric network. This population has
no counterpart in the velocities of granules. The same is true
for the distribution of radial components, from which we can
see that the “fast” GBPs are moving away from the sunspot.
Several GBPs also move toward the spot (negative values), co-
herently with the adjacent granules. In summary, most of the
GBPs in the moat move “passively” with velocities compara-
ble to those of the neighbouring granules but there is a small
fraction (6%) of GBPs that move more rapidly, with speeds
higher than 1.4 kms~'. The existence of fast GBPs does not
necessarily mean that they are special objects intrinsically dif-
ferent to the rest and also does not contradict the hypothesis
that a large-scale regular outflow carries in a similar way both
the granules and the GBPs. Fast GBPs are probably the result
of a reinforcement of their velocities when they are pushed by
small fast granular fronts or fragments (see Roudier et al. 1994;
Berger & Title 1996; Berger et al. 1998). This internal granular
structure is not detected by our segmentation process.

A detailed inspection of the G-band movie reveals the fol-
lowing peculiarities for fast GBPs in the moat.

— Most of them are born at distances not more than 4” from
the outer penumbral border.

— Several of them are pushed and accelerated by neighbour-
ing exploding granules.

— Fast GBPs very often move into a well pronounced inter-
granular space. In some cases their brightness increases at
the same time.

— Most fast GBPs are located in the moat in the lower part of
the sunspot.

Not only the fast GBPs but also, in general, the moat GBPs
show a denser population in the lower and right parts (solar
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Fig. 8. Histograms of time-averaged velocities of GBPs (solid) and
of adjacent granules (dotted) in the moat. Negative radial velocities
represent movements toward the sunspot.

limb side of the moat) as shown in Fig. 7. This lack of symme-
try could be the result of the inclination of the flux tubes iden-
tified as GBPs, in combination with the fact that the sunspot is
located out of the disc centre at u = 0.93.

4. Discussion and conclusions

Two time series of broad band images of an old regular sunspot,
spanning over two hours and taken simultaneously in the
G-band and white-light were restored for instrumental and at-
mospheric degradation using the phase diversity technique. The
excellent and stable quality of the restored images allowed us
to study motions of granules, mesogranules, families of gran-
ules and GBPs in the sunspot moat and to measure their time-
averaged velocities. It should be noted that the time-averaged
velocities are used to describe the general trends of the motions.
These differ from instantaneous velocities, which, for GBPs,
can reach 2-3 kms~! and mostly characterize the kinetic en-
ergy of the motion. The results can be summarized as follows:

1. Two types of motions of granules are observed in the
sunspot moat: a) local divergent motions mostly reflecting
the expansion and splitting of granules (mean velocity =
0.64kms™);b)a large-scale regular outflow, which carries
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granules and the centres of divergent motions away from the
sunspot (mean velocity = 0.51 kms™).

2. Families of repeatedly splitting granules are present in the
sunspot moat. The two types of motions (a, b) mentioned
above can be identified with the internal evolution of long-
lived families (a), and with the radially orientated drift of
centroids of the families away from the spot (b) — see Fig. 6.
It has also been shown that families of granules and meso-
granules are closely related. Thus, an interesting result of
this research is that mesogranules and families of granules
are advected by the outward flow in the moat. A similar re-
sult has been recently found in the quiet Sun, where meso-
granules and families also move toward the outer supergran-
ular boundaries (Roudier & Muller 2004). This gives some
support to a supergranular origin of the moat, as first sug-
gested by Sheeley in 1972, on the basis of this similar be-
haviour. It will be very interesting to find out whether the
3D flows measured by using local helioseismology inver-
sion techniques (Zhao et al. 2001) in decaying sunspots will
confirm this hypothesis.

3. Inside the moat, GBPs are mostly located in radially ori-
entated “channels” between the local divergent motions of
mesogranular scale and associated families. These motions
confine the GBPs within the channels (see Fig. 7).

4. Most GBPs move with the same average speeds as the
neighbouring granules. These “passively” moving GBPs are
carried along by the same large-scale flows as the granules
and families (see Fig. 8). However, some of the GBPs (6%)
move away from the spot more rapidly than the neighbour-
ing granules. This can be interpreted as an extra contribution
to their velocities stemming from the interactions with fast
moving small granular fronts or fragments. These fast GBPs
reach velocities greater than 1.4 kms~! as shown in Fig. 8.

5. The population of GBPs is denser on the solar limb side of
the moat.

6. The lifetimes of GBPs range from 2.5 to 120 min (the du-
ration of the series). Either inside or outside the moat the
lifetimes of GBPs do not differ on average.
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