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Abstract. The properties of penumbral grains (PGs) in a Schibter (1962) noted that “Bright knots as seen in the
medium-size sunspot are studied from a 4.5 hour observatfsgnumbral filaments show . a systematic motion (1-2 km/s)
series acquired on 5 June 1993 at the Swedish Vacuum Salaay from the center of the spot.” Muller (1973a) used an ex-
Telescope, La Palma. The application of an image segmentatiefient series of 34 white-light photographs, taken at Pic du Midi
procedure and a feature tracking algorithm on a movie of 3@@d covering an interval of 3 hours, to identify and track visually
frames yields proper motions, intensities, and lifetimes for a 220 PGs in order to determine both velocities and lifetimes as
of 469 PGs. Almost 3/4 of the PGs move toward the umbra afuhctions of position within the penumbra. He claimed that PGs
more than 1/4 toward the photosphere. There appears to baaved toward the umbra; their horizontal speed was maximum
dividing line (DL) in the penumbra, approximately 0.7 of th€0.5kms™!) at the penumbra-umbra (P/U) border and zero at
distance from the umbra to the photosphere, such that most Ri&spenumbra-photosphere (P/Ph) boundary. The lifetimes were
outside this line move toward the photosphere, and those insid®ut 3 hours in the middle part of the penumbra, and 50 and
move toward the umbra. For inward moving PGs we find a typtO0 minutes in the inner and outer parts, respectivetynjds

cal proper motion speed of 0.4 km'sand a median lifetime of & Wohl (1982), using a similar method, in general confirmed
29 minutes, for outward moving ones 0.5kmsand 22 min- the results of Muller but found lower horizontal velocities with
utes. The average speed of inward moving PGs increases witthaximum of 0.33kms' located in the middle penumbra.
distance from the umbra with a maximum near the DL. Outwatdfetimes ranged from 1 to 3 hours.

moving PGs have maximum speed near the outer penumbral The horizontal motions in penumbrae can be measured us-
boundary. The measured instantaneous velocities of individirgd local correlation tracking (LCT, November & Simon 1988).
PGs show only partial agreement with theoretical model prBecause of LCT’s inherently poor spatial resolution (typically
dictions. We find much shorter lifetimes than earlier author!—2"), and its inability to distinguish between motions of bright
and no pronounced dependence of lifetime on position in tbedark features, it is not clear that LCT of a sunspot penumbra
penumbra. We discuss possible reasons for the disagreenretracking solely PGs, or also other penumbral features. Wang

with previous results. & Zirin (1992) applied LCT to series (duration 2—3 hours) of
digitized video images of five sunspots. In four cases they ob-
Key words: Sun: sunspots — convection served that “both bright grains and dark fibrils in the inner part

of the penumbra move toward the umbra at a speed of about
0.5kms!” and “the elements in the outer part of the penum-
bra move outward at about the same speed as the inflow.” In
1. Introduction one case the inflow occurred over the whole penumbra. Also
:Eﬁlying LCT, Denker (1998) reported that a line of positive

gthekn]f.‘g].?ra Of.aﬁuqupOt consist; oibrighthfilgmer;tsl separ rgence divides the penumbra, implying opposite directions
y dark fibrils. Bright filaments are, in fact, chains of elongategt i1 in the inner and outer parts.

bright features called penumbral grains (PGs, Muller 1973a,b). The average observed brightness of P&s-(550 nm) and

They have c_om(_at-lik_e shapes with “heads” PO‘P“”Q towards tﬂgrk spaces between them is 0.95 and 0.60 of the mean pho-
umbra. Their width is 04 on average, and their length ranget%spheric intensity & 1.1), respectively (Muller 1973b, Colla-

from ?;,4 toh morfer;[har;] 2 Thﬁ briggtclgeshs of the ;heads” 39_ s et al. 1988). Recentlyjigerlin & Wiehr (1998) presented
proaches that of the photosphere. PGs have not been studieg BY,horatyre map derived from speckle-reconstructed three-

many authprs because succe§sful observations require an.exs, photometry of a large sunspot. The sunspot penumbra
tended period of excellent seeing. shows typical spatial temperature fluctuations of 700K. The
mean temperature of PGs is about 6250 K, hotter by 100 K than
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the mean photosphere. Dark penumbral fibrils have an averagav to 288 x 288 pixels, or36” x 36", centered on the spot.
temperature of 5650 K, corresponding to an intensity of 0.@4he frames were registered, corrected for instrumental profile,
Iphot - and destretched, to minimize seeing distortions. From these we
A theoretical explanation for PGs has been suggested sslected 360 frames with rms granulation contrast higher than
Schlichenmaier et al. (1998a,b). According to their model, 76, covering almost regularly the whole time period. The se-
PG is the intersection (footpoint) of an inclined thin magnetiected frames were then interpolated in time to obtain a time
flux tube with the visible surface. Hot sub-photospheric plasmsaries with a constant lag of 44.5 s. Residual seeing-induced jit-
flows upward along this tube. As the flux tube rises, its inclinder which impeded the tracking of PGs in time was removed
tion decreases, so that the footpoint exhibits a horizontal motioyp & — w (subsonic) filtering. The cutoff phase velocity of the
toward the umbra. The model predicts a gradual decrease of Hilter was set at 3 kms!. For further analysis we selected three
izontal velocity from 2kms! at the beginning, to 0.1knt$ subfields of the sunspot that showed regular penumbrae.
atthe end, of a PG’s lifetime. Bright filaments are interpreted as To isolate PGs in the subfields we applied a geometrical
dimmer and thinner tails of PGs. Their width is very small, onlgnask to exclude light bridges, eliminated umbral dots by set-
50km. The extreme narrowness of penumbral filaments wi#gy the minimum intenstity of bright features to @.8,.¢, and
confirmed by &inchez Almeida & Bonet (1998) who found thatemoved photospheric features located outside the P/Ph bound-
the spatial spectrum of penumbral intensity fluctuations, cary. After this preparatory phase we tested several segmentation
rected for the instrumental modulation transfer function, wasocedures to separate PGs from the rest of the penumbra. This
flat up to the highest observable spatial frequency. This impliesk was more complicated than in the case of umbral dots due
that the true structure of penumbral filaments has not yet baenhe complex and fast-changing penumbral intensity structure.
resolved. We adopted a procedure similar to that described in Paper I:
In 1993 an 11-hour time series of high-resolution white-lightor each frame a differentialimage was computed by subtracting
images of solar granulation was obtained by Simon et al. (1994 smoothed]875 x 0’875 boxcar) image from the original one.
A medium-size sunspot was present in the field of view féirom this differentialimage we computed a binary mask, setting
about 4.5 hours. Sobotka et al. (1997a,b — Papers | and |l of thigel values higher than a certain threshold to 1 and the rest to
series) analyzed temporal variations of sunspot fine structur®inrhe threshold was defined as a linear function of the image
the central umbral core, and applied a feature tracking algoritlstmarpness, computed for each frame with the Roberts gradient
to umbral dots. We now use this algorithm to measure propgerator (see Paper 1), such that its values were 0.06, 0.04, and
motion, brightness, and lifetime of PGs in the penumbra of tHis03 in the best, average, and worst frames, respectively. The
sunspot. Preliminary results have been published by Sobotk@inal image was then multiplied by this mask, producing a
et al. (1999). We have made substantial improvements in tegmented image.
algorithm, and here present our revised results. We hope theseFrom the images we produced a time series of variable-
will spur refinement of theoretical models, and stimulate furthtéhreshold segmented frames. A feature tracking algorithm, de-

discussion of the earlier measurements. scribed in Paper |, was applied to this series to follow each PG
in time. To be called a PG, each feature had to:
2. Observations and data analysis (a) be larger than 1 pixel on each frame;

) ) o . _(b) overlap in at least 1 pixel on subsequent frames;
The observations, data reduction, basic ideas on the identifigg- have a maximum interruption of 3 frames;

tion and tracking algorithms, determination ofimage sharpneg§) have a lifetime of at least 3 minutes;

and discussion of stray light effects have been thoroughly 4@y have a mean area over its lifetime of at least 9 pixels.
scribed in Paper |. Here we only give a brief summary of fact

and methods that are common to both Paper | and this work, B js procedure yielded a set of 1027 PGs. For each of these

present more detailed information about specific changes ha trackest'?e.Iocus and \éalge gf fmaxwrr]]um 'mﬁns't% ?t each
problems related to the penumbral data analysis. time step. Lifetimes were derived from the number of frames

The sunspot NOAA 7519 was observed at heliographic pi&r}_which the objects were present. Time-averaged proper mo-

sition NO5. E15 on 5 June 1993 with the Swedish Vacuum SoPg" velocities were calculated using linear least-squares fits to

Telescope (SVST, aperture 50 cm) at La Palma, Canary Isla positions. Since the accuracy of velocity determinations in-
(Simon et al. 1994). This slowly evolving spot reached maxgreases withthe number of frames inwhich the PG is present, we
: ' odidjose for analysis 649 PGs with lifetimes longer than 12 min-

Jdtes. Inthis new set, the standard deviation is about 0.05Kkms

lection system (working at approx 3.5 frames/s), was used }]0 In t_he Ia_st st?phof the data analy?is we checKed vistL)J_aIIy
sample white light solar images at— 4680 + 50 A. The im- the trajectories of these 649 PGs to eliminate spurious objects

age scale wag/0.25 per pixel. Due to image rotation during thé’md mistakes in feature tracking. We discarded all features that

11-hour time series, the sunspot was visible only for 4 hOLﬁQOWEd:

26 minutes, from 09:54 to 14:20 UT, during which we obtained) discontinuities in position or strong bends/breaks in the tra-
760 frames. After correcting for dark current, flat field, rotation, jectory (caused by spurious coincidences of independent
transparency, and exposure variations we reduced the field of objects);

1.4 CCD camera, in connection with a fast real-time frame
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Fig. 1. Trajectories of INW (black) and OUT
(white) PGs in subfields 1, 2, and 3. The
white contour lines divide regions of inward
and outward motions of both bright and dark
penumbral features as derived by LCT. The
underlying image is one of the best frames
in the middle of the series.

(2) repeated back-and-forth motions (wrong tracking of pooriyioved into the umbra but tracking was terminated when their

defined large features); brightness decreased below the 0,8, limit — such features
(3) stationary objects at the P/U or P/Ph boundary (border afe not the subject of this study.
fects). In addition to tracking individual PGs we applied an LCT

aIPorithm with a tracking window of’L The flow maps were

Afterthis visual consistency f:heck_we ob_t_ained a“_”a' _Sampletﬂen averaged over the whole time series. We obtain the same
469 PGs whose proper motions, intensities, and lifetimes WELR lts as reported by Wang & Zirin (1992): Both bright and

investigated. dark penumbral features move inward in the inner part of the
penumbra and outward in the outer part. The boundary between
3. Results inward and outward motions, defined as the line connecting the
LCT zero-velocity points, is plotted in Fig. 1. It separates most
trajectories of INW and OUT PGs and is located very close to

The trajectories of PGs were determined from the positiof¥ Position of the DL that we would have chosen by eye (though
tracked in time and smoothed by cubic splines. Of the 469 P&4chahand-drawn line would not have had the convoluted shape
341 (almost 3/4) move inward toward the umbra. We label thephthe contour line). This indicates a consistency between LCT
INW. More than 1/4 (128 PGs) move outward toward the ph§owW maps and the motions of individual PGs as determined by
tosphere. We call them OUT. There appears to livaling feature tracking.

line (DL) in the penumbra, approximately 0.7 of the distance The histogram of time-averaged proper motion speeds is
from the umbra to the photosphere. Outside the DL most P&ROWnN in Fig. 2 (left). Speeds for INW PGs range from 0.0 to
(75 %) are of type OUT; inside most (89 %) are INW. This phe2-0kms " with a maximum around 0.3-0.4 kmsand a me-
nomenon is illustrated in Fig. 1, in which we show trajectoriedian of 0.43kms'. Speeds of the OUT PGs are in the same
of the INW and OUT PGs as black and white lines, respectivejinge but the maximum is around 0.5-0.6 kmi and the me-
The |engths of trajectories are in the rand@.@ﬂ'/s for INW dian is 0.53km Sl. These values do not differ Substantia”y
and @'3-3'5 for OUT PGs. The mean values afétland 11, from those measured by Muller (1973a) andnjes & Wohl
respectively, in a penumbra of average widtt7 8We did not (1982).

observe any PG crossing the whole penumbra. Some INW PGs

3.1. Proper motions of penumbral grains
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Fig. 2. Left: Histogram of time-averaged speeds of PGs. Solid line
(INW), dotted line (OUT).Right: Histogram of PG lifetimes (lower __

limit was set to 12 minutes). 8o 7

minutes

To study the dependence of time-averaged velocities on po- °0
sition, we divided the penumbra into 10 bins, each coverirng
0.1 of the relative distance from the P/U (position 0.0) to thg for
P/Ph boundary (position 1.0). Velocities of all PGs whose time= [ %] Jf 1
averaged positions fell into a given bin were averaged. The re- 2°[ '@ g %] % >H]
sults are plotted in Fig. 3 (top) together with error bars which .
characterize the scatter of individual values. S

For the INW PGs speeds increase from about 0.4kms Relative Position in the Penumbra

at_the I.D/U boundary to ?‘ maXIm_um of 0.75kmisat the rel- Fig. 3. Top: Average speed of PGs as function of their relative position
ative distance 0.7-0.8 (just outside the DL) and then drop;{py,e penumbra, INW PGs are representedxgyOUT PGs byo.,

about 0.5km 5_1 near the P/Ph border. Speeds of the OUT PGsition is 0.0 at umbra, 1.0 at photosphere. The bars indicate a scatter
show a strong increase from 0.2 km'dn the middle penumbra of + 1. Numbers of INW (OUT) PGs in each bin are displayed in

(position 0.4-0.5) to a maximum of 0.7 km'snear the P/Ph the upper (lower) rowBottom:Average lifetime of PGs as function of
boundary. Note, however, that the numbers of OUT PGs at pleir relative position in the penumbra.
sitions less than 0.6, and of INW PGs at positions greater than
0.8, are very small, as can be seen in Fig. 3. Table 1.Numbers of PGs by speed type
The observed dependence of INW speeds on relative posi-
tion in the penumbra is qualitatively similar to the predictiomype  INW % OUT %

given in the model by Schlichenmaier et al. (1998b, Fig. 7). To 3 2 2 2
compare PG motions in detail with the results of the model, we 101 30 44 34
calculated instantaneous velocities of each PG as derivatives of 118 35 35 27
positions smoothed by cubic splines. Individual velocity curves, 49 14 24 19
showing variations of speed with time, were divided into five 65 19 23 18
types: Totals 341 100 128 100

— = constant speed

/ = acceleration

\ = deceleration

N = acceleration, then deceleration
U = deceleration, then acceleration

and OUT PGs is in the range 2-3 km's matching the value
predicted by the model.

3.2. Photometric characteristics of penumbral grains

Numbers of INW and OUT PGs belonging to the different spedds mentioned earlier, we obtained the brightness maximum of
types are summarized in Table 1. For INW PGs, deceleratiagch PG at each time step as one of the outputs of the feature-
(35 %) and accelerating (30 %) types are most common, whitacking routine. The temporal intensity fluctuations, character-
33% have more complex behavior(*and “U”). Only de- izedbyo = 0.05 I, are small. The time-averaged intensities
creasing of INW speed with time, i.e. typg", agrees with the are in the range 0.84—1.10Q;,., for both INW and OUT PGs,
model prediction. About 1/3 of OUT PGs increase their spebdt OUT PGs are brighter on average (0/9%.) than the INW

with time. The maximum instantaneous speed for both INWhes (0.94,,,.¢). The intensities do not depend on relative dis-
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tance from the umbra. They are uncorrelated with the speed©dIT PGs exhibits little trend as function of position, and has

lifetimes of PGs. a mean value about 25 minutes. The average lifetime of INW
We used the best frame of the series to do complementaryRiss that show deceleration at the beginning of their existence

sual measurements of lengths, widths, and contrasts of 56 PGpeed types\” and “U") is longer by a factor of 1.2 than that

The lengths lie in a broad range froi@®to 3'7; the average of the other INW PGs. For OUT PGs we observe no relation

value is 7. The mean and standard deviation of widths mebetween lifetime and speed type.

sured across the “heads” of PGs @6 + (// 1. The intensity of In summary, while we agree with Muller (1973a) that the

the *heads” is typically 0.94,...¢, 1.4 times brighter on averageaverage lifetime of INW PGs in the inner part of the penumbra

than adjacent dark fibrils. Since the intensities are influencedibytarger than for those near the P/Ph boundary, we do not see

scattered light, the real contrast is probably higher. the pronounced dependence of lifetime on penumbral position
Balthasar et al. (1996) reported that the mean white-lighgported by Muller (1973a) and6hjes & Wobhl (1982). More

image of a penumbra averaged over nearly 2 hours still shovgghificantly, the lifetimes we measure are only about one-fourth

radial structures. We confirm this result. Averaging frames ovéirose of the earlier measurements.

our 4.5 hour series we find a filamentary structure in the penum-

bra (of course without PGs, which have disappeared due to_ _

time-smoothing) with rms contrast of 7 %. For comparison, tfe PISCussion

penumbral rms contrastin our bestframes is about 12 %. ThisTére average PG velocities that we measure are in reasonably

markable persistence of high contrast over many hours musie®d agreement with those of Muller (1973a) anihjes &

due to the stability of the magnetic field Configuration. This stavonl (1982)’ but the character is very different. Whereas they

bility causes the paths of many individual PGs to follow nearfind almost exclusively INW motions, we find both INW and

identical trajectories. OUT, with a strong dependence on position in the penumbra
as described in Sect. 3.1. Although Muller (1973a) states in his

Fig. 3 shows that he actually found a few OUT PGs at penum-

Since lifetimes are derived from the number of frames in whigdi | positions 0.25-0.80, and more OUT than INW PGs in the
individual PGs are observed, histories of some PGs will be Glitermost penumbra (positions 0.8—-1.0). Thus the qualitative
off at the beginning or end of the time series. However, thigifference in our results may not be as large as it first appears.
effect is small, because most of the lifetimes are substantiahly three of these observations show velocities far smaller than
shorter than the duration of the series. We show in Fig. 2 (righfose of Schiter (1962).
a histogram of lifetimes for the 341 INW and 128 OUT PGS The LCT flow maps calculated by Wang & Zirin (1992)
that passed the visual consistency check. For the INW PGS g that both bright and dark penumbral structures in the inner
maximum lifetime is almost four hours (231 minUteS) but Onlwart of the penumbra move toward the umbra, and those in the
17 % live longer than 1 hour; the median and mean lifetimes a§gter part move outward. This was observed in four of five
29 and 39 minutes, respectively. The OUT PGs live shorterth@mspot& but in one very young spot inflow occurred in the
the INW ones: the maximum, median, and mean lifetimes ajfole penumbra. Since we found in Sect. 3.1 that the LCT flows
59, 22, and 25 minutes, respectively. seem to be consistent with the motions of individual PGs, we

The number of PGs increases with decreasing lifetinee can infer that a part of the discrepancy between our work and
the limit of 12 minutes. (Recall that in Sect. 2 we had set ﬂ'mU”er'S (1973a) may S|mp|y be the physica] properties of the
minimum lifetime of visually checked PGs to this value.) Oparticular sunspots studied. Our spot was of medium size, in
course, we expect a large population of PGs to have 12 the maximum phase of evolution; Muller's was very large. The
minutes, and try to estimate this number as follows: Of the tol{@aracter of the motions may vary significantly as function of
sample of 1027 PGs, 378 lived less than 12 minutes. Assumijge. age, evolutionary stage (young, old, growing, decaying),
the same fraction of PGs that have to be discarded (0.28) aj#@] |ocation (unipolar, leading, following, simple or complex
relative numbers of INW and OUT PGs (0.73 and 0.27) as §oup), etc. Thusiitis likely that Muller (1973a) and we are both
the case of the > 12 minute population, we get about 198 (74}orrect despite our disparate results.
“good” short-lived INW (OUT) PGs. Adopting 7 minutes for  On the other hand, the difference may, at least in part, lie in
the average lifetime of PGs with < 12 minutes, as derived the methods of analysis and/or quality of the observational data.
from the statistics of the unchecked sample, we extrapolate fpgiler (1998, private communication) believes that “investiga-
median and mean lifetimes for all INW (OUT) PGs to about 1fons based on visual identifications are superior to investiga-
and 27 (15 and 19) minutes, respectively. tions based on computer identifications, because they are more

The average lifetime of PGs with> 12 minutes as function ‘jntelligent’; one can see the evolution of grains in more detail,
of position in the penumbra is shown in Fig. 3 (bottom). Thgnderstand better what happens and take some decisions; it is
mean lifetime of INW PGs rises from 35 minutes for those @dss sensitive to threshold effects, because the eyes can detect
the P/U boundary to a maximum of 47 minutes at the relatiégnall contrasts.” He acknowledges that his process “is tedious

position 0.2-0.3, and then decreases to 22 minutes at positigRg time-consuming and might not be objective enough in the
0.7-1.0 between the DL and the P/Ph border. The lifetime @cisions.” This last comment by Muller is the main reason



626 M. Sobotka et al.: Fine structure in sunspots. Il

that we prefer computer identification of features. Even thoudite hope that the numerical simulations can be refined to account
the algorithms may occasionally make mistakes, they are coior the interaction of several flux tubes, for repeated travelling
pletely objective in their decision-making. Also they are naif individual PGs along “preferred” trajectories (as shown by
subject to two biases inherent in visual identification; namelye persistent filamentary pattern in time-averaged images), and
the tendency of the eye-brain interaction to selectively preferexplain both the inward and outward observed motions.
brighter (higher contrast) and larger features. The computer is
ideally suited to performing tedious tasks; thus it selects fAgknowledgementsive especially thank Richard Mullerfor very help-
more features for analysis than the human analyst is physic%‘:'hscukszogs :”d pe:(m'fﬁ'on to thOt_f i:ls ‘;)np“b"srﬁg C(s)\r?;nTer\]/:/S'
: e than . oCharmer 1or the opportunity to observe al e , VW,

or p\f\%;h?éo%rcglg ﬁ)rr]ipg;i?t;? (Ijii?étimes that we measure Wang and R. Keyer for obser\_/ational_support, ._':md M. Shand of_D_EC

. 9 N . e . ’.VYEarls) for financial and technical assistance with the data acquisition
agree with _Mu_”er that '_[he o!lffere_nce in lifetime \_Ne find !nsystem. The work of M.S. was accomplished under Grant A 3003903
our respective investigations is mainly due to the different timg e Grant Agency of the Academy of Sciences of the Czech Re-
interval between frames and to different ways we identify thgiplic (ASCR) and under the Key Project K1-003-601 of the ASCR.
penumbral grains.” Our time interval (44.5 s) is about eight tim&ge gratefully acknowledge funding from the U.S. Air Force Office of
shorter than Muller's (1973a, 6 minutes). It is clear that witBcientific Research for salary (G.W.S.) and travel support (P.N.B. and
lower temporal resolution the mean lifetime increases, becal4§.). The SVST is operated on the island of La Palma by the Royal
short-lived objects do not appear in the statistics and false &edish Academy of Sciences at the Spanish Observatorio del Roque
incidences of independent objects are more probable. Our tififd0s Muchachos of the Instituto de Asfsiéa de Canarias.
series is also 50 % longer than Muller’s, and this, in combina-
tion with our smaller time intervals, means that our statisti¢Seferences
are significantly better than Muller’'s. Concerning the identifi- i ,
cation and tracking methods, we also suggest that the hu hasar H., Schleicher H., Bendlin C., Volkmer R., 1996, A&A 315,

_ : . 603
eye-brain system, compared to the computer, is more likely 19, 1. 1 - del Toro Iniesta J.C. Azquez M., 1988, A&A 195, 315
look for long-lived objects. M o v ' '

. . Denker C., 1998, Solar Phys. 180, 81
One unsolved mystery which should be pursued with othg{ ier . 1973a. Solar Ph);/s. 29 55

data sets is the comet.—like shape of many PGs. Muller (1973aR)ier R., 1973b, Solar Phys. 32, 409

says their “heads” point toward the umbra. We agree that INMbvember L.J., Simon G.W., 1988, ApJ 333, 427

PGs show this behavior. But why, then, do not the heads S#inchez Almeida J., Bonet J.A., 1998, ApJ 505, 1010

OUT PGs point toward the photosphere? We find that the shageblichenmaier R., Jahn K., Schmidt H.U., 1998a, ApJ 493, L121

of OUT PGs are less regular than those of INW — sometim@ghlichenmaier R., Jahn K., Schmidt H.U., 1998b, A&A 337, 897

the heads point toward the photosphere, sometimes toward $RBOter E.H., 1962, Z. Astrophys. 56, 183 _

umbra, sometimes there are no tails, and sometimes no heag/§!on G-W., BrandtP.N., November L.J., Scharmer G.B., Shine R A,
Finally, what is a penumbral grain? Since itis bright, itmust 1994 In: Rutten R.J., Schrijver C.J. (eds.) Solar Surface Mag-

. . L . . netism. Kluwer, Dordrecht, p. 261
represent localized heating within a penumbral filament. Singe

PGs " do th . brighteni indi obotka M., Brandt P.N., Simon G.W., 1997a, A&A 328, 682
we see PGs "move’, do these moving brightenings Indicale, .2 m. Brandt P.N., Simon G.W., 1997b, A&A 328, 689

mass motion of hot material or are they only phase velocitigg§gixa M., Brandt P. N.. Simon G. W., 1999, In: Rimmele T.R.,
of brightness fluctuations? Perhaps these bright features are thesajasubramaniam K.S., Radick R.R. (eds.) High Resolution Solar
loci of the intersections with the photosphere of hot, rising, flux physics: Theory, Observations, and Techniques. ASP Conf. Ser.,
tubes as suggested by Schlichenmaier et al. (1998a,b). Excepin press

for a brief acceleration at the beginning of a PG’s life, thelitterlin P., Wiehr E., 1998, A&A 336, 367

model predicts inward phase motions that decelerate in tinff@njes K., Wbhl H., 1982, Solar Phys. 75, 63

Only 25 % of PGs observed by us move in this particular way¥ang H., Zirin H., 1992, Solar Phys. 140, 41
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