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Abstract. We analyse sunspot filtergrams of unprecedented quality obtained by Scharmer et al. (2002) with the Swedish 1-m
Solar Telescope on La Palma. The observations comprise images in tfiezerdiwavelength bands: 488, 436, and 430 nm
(G-band). We find that there are still unresolved penumbral filaments which must have widths smaller than 80 km. The fine
structuring along the filaments is limited. Penumbral grains have internal structure and look like they are split or crossed by
narrow dark structures. We calculate intensity power spectra of the penumbra from images that are corrected for seeing using
the Phase Diversity technique. Thfeets of high order aberrations that are not corrected for are estimated to be too low to

be consistent with a flat power spectrum. The penumbral power spectra do not show any signs of bumps or peaks that could
correspond to a preferred scale 489 for the width of penumbral filaments. We argue that the power spectrum is not a very
reliable source of information concerning preferred scales.
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1. Introduction penumbra incorporate magnetic flux tubes with widths smaller
, than 150 km (Solanki & Montavon 1993;a8thez Almeida
Sunspots consist of a dark central umbra surrounded, at |

v, by a fil " bra. Small tic fiold 8; Marthez Pillet 2000; Miller et al. 2002), a spatial scale
partly, by a llamentary penumbra. smaller magnetic Neld Cofi;n pas peen beyond the limit of the best observations.
centrations (diametet4 Mm) that fail to develop a penum-

. : Although single filtergrams miss the spectral information
bra (pores) are relatively short-lived as compared to sunspats, . Lo ! o
. . . Tequired to derive information on the magnetic field, bulk ve-
which can survive for weeks. Penumbrae can be considefed . : : . . .
: oclties or vertical structuring, they are ideally suited to scruti-
to be an integrated part of sunspots, whose overall structure . :
) SO nize the lateral sizes of penumbral fine-structure because of the
poses a basic problem which is still not completely understoo ; : .
: ) i . advantage of a higher spatial resolution as compared to spectro-
(see, e.g., Thomas & Weiss 1992; Parker 1992; SChIIChenITlaH‘neertric observations. Specific questions that can be addressed
2002; Thomas et al. 2002). pecific

High ial luti b i . fant t concern the size distribution of penumbral filaments and, no-
Igh-spatial-resolution observations are an important ofy,, \\ hether there is a lower limit to the filament width and if
for discriminating between theoretical models and identi A

) 4 ; ) ) h h isti le.
ing the key physical processes, which, given the richness o?y ave a characteristic scale

' : . Scharmer et al. (2002) estimated the resolution of their
fine-scale structures in the penumbra (reviews on penumbral . .
. ) ) ; sunspot observations to be better th&a2D (=90 km), improv-
fine-structure: Muller 1992; Sobotka 1997), are likely to take . . .
. . ing the spatial resolution with a factor of about 2 as compared

place on small spatial scales. So far, the spatial resolutio . . :

. . . . tp earlier sunspot observations. These observations show new
achieved with state-of-the-art instrumentation has proven 1o

be insuficient to resolve the smallest building blocks of th'émds.Of sma_ll-scalg structures in solar magr_1et|c regions, the
ost interesting being that many penumbral filaments, notably

penumbra. Asymmetric spectral line profiles indicate a h'% ose protruding into the umbra, contain dark cores. This phe-

degree of unresolved structuring, both along the line-of-sig o : :
: : . omenon is still lacking an explanation, but demonstrates that
(i.e., vertical structuring) and laterally. For example, mod: . . .

) . - ' . " There is substructure in what may hitherto have been seen as a
els developed to explain asymmetric Stokes profiles in the

sihgle penumbral filament. A dark-cored filament also seems
Send gprint requests toL. H. M. Rouppe van der Voort, to be a coherent structure, |n_d|cat_|ng that the penumbra s not a
e-mail: rouppe@astro.uio.no random mass of dark and bright filaments at these scales.
* Present addressinstitute of Theoretical Astrophysics, Oslo  This paper uses images from the data set of Scharmer et al.
University, PO Box 1029 Blindern, 0315 Oslo, Norway. (2002) to further explore the fine structure of the penumbra of
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a large sunspot close to disk centre. The main part is a disctsble 1. Observational details. MTE MTF-deconvolved, PD=
sion of the power spectra of the structures in relation to tibase-diversity restored. Pixel size0@1. I’ = 734 km, 100 km=
earlier work, at lower spatial resolution, o&chez Almeida 0’14. The KAF4200 and KAF1600 CCDs from Eastman Kodak sit in
& Bonet (1998) and Sterlin (2001). Before that, we describd/€gaplus 4.2 and Megaplus 1.6 cameras, respectively.

the general appearance of the penumbral structures from visual

inspection of the images. filter 488 G-cont G-band
Asiter (Adswhm) [NM]  487.7 (8) 436.4 (1.1) 430.5(1.2)
. exposure time [ms] 13 5 6
2. Observational data cco KAF4200 KAF1600  KAF1600
The data of Scharmer et al. (2002) analysed here consist ofield of view ['] 82x83  62x41 26x 40
a set of images taken in three wavelength bands. The targe®ost processing MTF MTF MTF or PD

was NOAA active region 10030 which was close to disk cen-
tre (N 19.6, E 7.0 = 0.96) on 15 July 2002, and observed
between 10:33 and 15:05 UT. In this paper we concentratebfields (825 x 5/25), in order to account for anisopla-
the best images, the results are based on three sets of expos\@iésm. Wavefront phases were estimated as expansions in
obtained between 11:33 and 11:37 UT, and one set at 13:20 Btmospheric Karhunen—ese modes 2-36, implemented as
The three filters used were a wide blue-green filter centrédms of Zernike polynomials (Roddier 1990). The subfield size
at 488 nm, and two narrow-band filters centred on the G-balgdslightly smaller than what was used bgfdahl et al. (1998,
and on the nearby continuum. The G-band is often used in 801) for data collected with the 47.5-cm Swedish Vacuum
lar observations because it highlights small magnetic flux copolar Telescope (SVST). This makes sense with respect to the
centrations (e.g., Berger et al. 1995; Muller & Roudier 1984y0re severe anisoplanatism expected with a larger aperture anc
Technical details for the images are presented in Table 1.  with the higher order wavefront expansion used here. We did
The observations were made with the Swedish 1-m SoR#t attempt to find the optimum size, that may well be even
Telescope (Scharmer et al. 2003a). Since the spatial resolugigraller.
of small-scale structure is the issue here, it is worth stating in Figure 1 shows part of the 488-nm image with the field of
some detail how the seein@fects are countered. This is dongiew (FOV) for the PD-restored image indicated. Also indi-
with three complementary methods. The incoming wavefrorigted are examples of subfields which are used for quantita-
are flattened by an adaptive optics (AO) system (Scharmer etisie analysis. Subfields from the PD-restored image are shown
2003b) consisting of a tjfilt mirror and a 19-electrode bi- magnified and with individual intensity scaling in Fig. 2.
morph mirror, the latter controlled using measurements from a
19-micro-lens Shack—Hartmann wavefront sensor. Théltip
and AO systems are designed to correct 15 low-order Zernike
modes (2-15 and 19 as nu_mbered by Noll 1976). _There A8 Different passbands
therefore always residual higher-order aberrations in the im-
ages. The second method is frame selection (Scharmer 198g)ire 3 shows a part of the penumbra as seen through the three
which means that the images with highest contrast in smdilters. The G-band is displayed twice: PD-restored for the very
scale structures during an adjustable selection interval (usudlighest resolution as well as MTF-deconvolved in the same
between 15 s and a couple of minutes) are stored to disk whay as the other two passhands to allow for a comparison with
the rest are discarded. Finally, the selected images can be gagm. The latter image is the best of the four exposures that go
processed with image-reconstruction techniques. into the PD reconstruction. Note that the images are recorded
In this study, we use éfierent post-processing techniqueslose in time but not so close so as to have the same distortion
(see last row of Table 1). The most simple one is deconvolly seeing, so a pixel to pixel comparison is not possible. From
tion using a modulation transfer function (MTF) that is conthis comparison we can conclude that the same structures are
puted assuming an ideal telescope and including known prafsible in all passbands. The PD-restored G-band image shows
erties of the detector. The G-band images were also restoife@ihighest contrast and the smallest details, which is expected
using the technique of phase diversity (henceforth “PD”, sé@m its more advanced processing.
Lofdahl & Scharmer 1994; Paxman et al. 1992a; Gonsalves Table 2 shows the mean RMS contrast for the subfields of
1982). Thus simultaneous exposures (on the same CCD) weig: 1. Apart from the obvious fact that the PD-restored G-band
made with a known focus fierence. This allows them to beimage shows the highest contrast, it is clear that the G-band
jointly processed in order to estimate both the unknown objdotages have higher penumbral contrast than the nearby con-
and the unknown phase aberrations. Recenthjdahl (2002) tinuum. At 488 nm the contrast is still lower which is partly
developed a new code, capable of Joint Phase Diverse Spebkieause of the longer wavelength (less temperature-sensitive
(JPDS) processing (Paxman et al. 1992b), which was ud#ldnck function and slightly lower resolution).
for these data. afdahl & Scharmer (2003) describe the de- Even though the G-band contrast is highest, we do not con-
tailed procedure to JPDS reconstruct a G-band image in thider the scene there to be significantlyfelient from that in
data set from four PD pairs of exposures, although the date other bands. We conclude that the PD-restored G-band im-
used here were restored with dfdrent setting of some pa-age — which has the highest resolution — is representative of
rameters. The processing was performed onx288-pixel penumbral structure.

Inspection of penumbral structures
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Fig. 1. The largest sunspot of AR10030 in the 488-nm image. The large box indicates the field-of-view of the PD-restored G-band image.
The smaller boxes represent example subfields that are used for quantitative anAalgsipenumbrak—M: quiet granulationX-Z: active
granulation. See also Fig. 2 and Table 2.

Table 2. RMS contrast in the dierent bands. Mean values for penumThe dark-cored filaments, however, which are so common in
bra (A-G), active granulationX-Z) and quiet granulatiorkM, only  Fig. 3, could be the typical constituent part of the whole penum-
in 488 nm). bra even if the confusion in the penumbra away from the um-
bral border may hide the pattern.

Figure 4 shows two representative parts of the penumbra,
each together with an intensity tracing. The plots also show
the theoretical diraction-limited point spread function (PSF;
markedD in the figure) and an illustration of the Rayleigh cri-
terion. A comparison of these curves and the intensity tracing
clearly tells us that many bright and dark features are so narrow
that they must be unresolved. Since their widths are almost as

The penumbral scene in Fig. 3 shows the typical mass of fighall as the FWHM of the PSF, the width of the corresponding
mentary structure. Whether filaments should be considerecSgr features cannot be larger than a resolution element (about
bright on a darker background or vice versa is controversif? km, see Sect. 4.2). Note, however, that there are resolved
Most studies agree that the bright and dark filaments are sd@@tures, both dark and bright.
only in a local context (see, e.g., Muller 1992; Tritschler & Obviously, the increase in resolution shows that what is
Schmidt 2002). In his review paper, Sobotka (1997) describesnsidered as one penumbral filament at lower resolution ac-
the penumbra as being formed by “bright filaments separatedlly consists of several narrower components. Note that the
by narrow dark fibrils”. fine structure along their length is limited. The intensity along
The current images, representing an advance in almodilament varies smoothly until it fades (sometimes to apparently
factor of two in resolution, do not immediately challenge thiseappear further on) or until it seemingly runs in another fila-
view when one only looks in the main part of the penumbrenent. But most structures are filamentary at this resolution and

filter 488 G-cont GMTF GPD
penumbraA-G) [%] 131 149 19.0 215
active granulationX-z) [%] 7.9 11.0 12.0 134
quiet granulationk—M) [%] 7.0 - - -

3.2. Filament dimensions
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Fig. 2. The penumbral and active granulation subfields indicated in Fig. 1, but from the PD-restored G-band image and individually scaled
best contrast. Tick marks havé gpacing.

seconds of arc

Fig. 3. Part of the penumbra in three wavelength barajs488 nm,b) G-cont, c, d) G-band.a), b) and c) are MTF-deconvolvedd) is
PD-restored.

do not break up in other patterns. A possible exception to ttf8s3. Penumbral grains

are the “twisted” filaments noted by Scharmer et al. (2002), bﬁjt bral arai localised briahteni . b it
the interpretation of bright filaments being composed of chai gnumbraigrains are localised brightenings in a penumbra, sit-
ated at the end of bright filaments closest to the umbra. They

of aligned grains (Muller 1973b) does not seem to be approplﬂfle . .
ate at this resolution. are dynamical objects (e.g. Sobotka et al. 1999; Sobotka &

Slitterlin 2001) which, for the inner penumbra, are seen moving

The maximum length of the filament isflicult to mea- inward towards the umbra (Muller 1973a) — this is not likely
sure. Due to their fading and reappearing, they can fiudlt to represent a flow of gas but the movement of a pattern. In
to track as individual filaments. Some examples of rather lotige simulations of Schlichenmaier et al. (1998a,b), a penum-
filaments, with lengths’5-9’(3600-6600 km), are displayedbral grain is the site where the hot part of a rising flux tube
in Fig. 5. crosses the photosphere.
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Fig. 4. Penumbral intensity tracings from a PD-restored G-band infagaows the theoretical fifaction-limited point-spread function of the
telescope as a cut through an Airy function with a FWHM 6992, the diameter of the first dark ring beir¢l@3.R illustrates the Rayleigh
criterion for resolution. There are apparently many unresolved peaks and dips in the curves.

seconds of arc

Fig. 5. Sample long filaments from PD-restored G-band images.

0 1 2 0 1 2 0 1 2

Figure 6 shows features that at lower resolution would be seconds of arc

classified as penumbral grains. It is clear that these have intgf;. 6. sample penumbral grains from PD-restored G-band images.

nal structure. Each consists of several bright patches, and many

show narrow dark structures that appear to run through them.

The penumbral grains appear to be coherent structures and not

random assemblies of brighter spots. It should be noted that the sunspot of this study was a large,
rotating spot while those of the two cited papers were smaller
with radially oriented penumbral filaments. We proceed with

4. Power spectra the comparison while keeping thisiirence in mind. We hope

Several earlier studies tried to determine a characteridffc®€ able to return to the question offérences in penumbral

penumbral-filament width by direct measurement of photgne—structure between individual sunspots in a coming paper.

metric profiles (see, e.g., Muller 1973b; Bonet et al. 1982).

However, measuring penumbral-filament dimensions directly; pethods

in images is a subjective operation and therefore other, more

objective methods have been employed to address this qu&®s-compute power spectra in two dimensions (2D) mainly be-
tion. We will here discuss the Fourier amplitude and poweause the 1D (semi-)circular tracings used by SAB98 and S01
spectra of the penumbral structures. We will compare our i@e impractical for such an irregularly shaped penumbra as
sults with those of &\chez Almeida & Bonet (1998, hencein our target sunspot. This should not be any concern for
forth SAB98) and 8tterlin (2001, henceforth S01). They alsdhe smaller scales, except for a slight averagifigat. Also,
studied sunspots close to disk centre but used telescopes BifB98 obtain similar results with 2D spectra as with their
less than half the aperture, the 47.5 cm SVST and the 44-t® method. It must be noted, however, that our spectra are
Dutch Open Telescope (DOT), respectively. SAB98 analysednstrained to high spatial frequencies due to the limited size
observations in the continuum at 525.7 nm, while SO1 used ali-the subfields, approximately’5x 5”, and the necessary
servations in the G-band. apodization.
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Fig. 7. a)PD-restored G-band image of penumbral subf@ld) 2D *;
power spectrum. The highlighted 38ector is in the direction of max- § 1073
imal power and is used for calculating the 1D spectrum. £
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With penumbral power we understand in the following tha® i v
the power is measured in the direction perpendicular to the [~~~ 488: MTF \ ]
filaments. Figure 7 illustrates the method we use. Figure 7a,o-s. g_zZ:!”“P“Dm‘ MIE e ]
. - . . . E - : / / E
shows a penumbral subfield. This image is first normalized to E o G—band: MTF M ]
the mean intensity in the granulation subimages’, andZ _ [ - = — _ G-band: unprocessed Ne ]
and then used to compute the 2D power spectrum shown into=® ‘ L ‘ I ‘ ! ‘ |
Fig. 7b. The direction perpendicular to the filaments is deter- 0.0 0.2 0.4 0.6 0.8 1.0

; - . : tial f :
mined by finding the maximum power along an azimuthal trac- spatial frequency: v/ v,

ing at 90% of the diraction limit. The 90% radius was deter-ig. 8. Power spectra of the penumbral subfi€ldrom Fig. 7. The
mined by trial and error. The evaluation has to be done at higéconvolution has been made without noise suppression. The axes are
spatial frequencies, because it is the rapidly varying filamelin—log. v is the difraction limit at 430 nm (G-band).

tary structures that define the direction of the penumbra. At the

same time it has to be at low enough frequencies that there is

still signal to be measured above the noise. Withinasg@tor, 4-2- Spectral slope

as indicated by the highlight in the image, we then calculaigggg note that their penumbral amplitude spectra very nearly
an azimuthal average 1D spectrum from the same data, butdBincide with the atmospheric MTFs measured by Bonet et al.
verse filtered without noise suppression (see Appendix). NQ#&gs) from the edge spread function of the lunar limb during
that the averaging means that the power we obtain is not igy|ar eclipse (also using the SVST but onféedent occasion
maximum but rather a representative value. The characterigfign, their sunspot observation). Since the Fourier transform of
direction found in the subfield of the G-band PD-image Wafe data is equal to the object transform times the MTF, they
used to calculate the 1D spectra in the corresponding subfielf§gest that the object spectrum is flat, i.e., constant with spa-
of the other filtergrams. The fact that filaments curve notably jp, frequency. On the contrary, SO1 finds a spectrum with a
some of the subfields also has titeet of reducing the power yefinjte slope from his speckle-reconstructed data.

from a possible maximum. Comparison between tEetént | £ig 9 we show power spectra based on our PD-restored

subfields indicates that the degree of curvature present in )4 gata for active granulation and across penumbral fila-
selected subfields does not result in a significafieténce in ments. These curves are smoother than those in Fig. 8 becaust
the slopg of the dfer_ent.power specra. they are averages of power spectra from sevefigmdint sub-
~The lin—log plot in Fig. 8 shows power spectra for the Sulie|qs. Neither spectrum is flat. They extend to higher spatial
field in Fig. 7 as observed in theftBrent wavelength bandsteqyencies before turing up, partly for the same reason but
as well as dferent states of reconstruction of the G-band dai@,stly because we have subtracted the expected contribution

They are noisy in the low-frequency part because of the lifiom the noise, see the appendix. Both curves extend to be-
ited field of view and the narrowing of the sector used for a%ond 0.8 times the diraction limit, corresponding to a resolu-

imuthal averaging. In t_he high-freq_uency part, the unprocesq_ﬁ)q1 of approximately D11 or 80 km.
daFa shows how the signal power is drowned by the flat white . comparison, the plot also shows corresponding spectra
noise at a level of aboub210™°. The upturn of the power Spec-qo, the data in the earlier papers. The curve corresponding to
trglof the M.T_FT and .PD-restored data represents this noise, 3 qata of SAB9S is based on an exponential fit to the sig-
p!|f|ed l:_)y d|y|§|on with MTFs that are almost zero close to thg,| qominated part of the amplitude spectrum (their Fig. 2),
d|ﬂract|or1 limit. i i , which is very nearly linear in their lin-log ptt The slope
Ignoring the noise-dominated parts, thefelient CUrves o s curve can be compared to our spectra but the vertical
compare as expected from the contrast values of Tablegqet of the curve is not known. Because their data are uncor-
The PD-reconstructed G-band data have the most power fleteq for seeing, this curve is expected to be below the other

lowed by the MTF-deconvolved G-band. The two conting,res hut by how much is uncertain. An additiongiset in the
uum MTF-deconvolved curves are similar and the unprocessed

G-band data have the least power, particularly at high spatiadl Our spectra in Fig. 8 are not well approximated by exponentials,
frequencies. which is why we use log—log in the following figures.
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100 gt ‘3‘?0 . ‘2‘09 . 100 km _ subfieldC in Fig. 7a. In Fig. 10b, the square of all four MTFs
F. 07 0"'5 03 0"2  0"15 01 for the focused images, in the direction perpendicular to the fil-
ro 1 aments (averaged in the same sector as the power spectra, see
Fig. 7b), are shown. The variation is small at some spatial fre-
guencies and almost an order of magnitude in others, and this
should d@fect the slope of the power spectra of individual data
frames. Note that these MTFs correspond to four exceptionally
good images collected within a few seconds and with very sim-
ilar contrast. The variation would be even larger between im-
ages of diferent quality. On the other hand, the MTFs of Bonet
et al. (1995) do include systematifects from the detector,
from atmospheric scattering, and from high order aberrations
not included in the truncated expansion of the wavefront used
in our PD procedure, see Sect. 2. In the following we estimate
i I how much these shortcomings of our methods influence our re-
\ RHEGaTE sulting power spectra.

relative intensity power

10-5L PD penumbra
T E(D)T“Z;inf;‘:g“'m'm \ i In Fig. 11 we demonstrate by simulation fofférent see-
[ it fopSABQB arbitrary offset \ ‘ I ing conditions, how the MTF isfBected by the uncorrected
3 ) Y . .
10 , ‘ ‘ ‘ ‘ e higher modes as well as some residual low order modes. The
10” 10

latter efect is due to cross talk between modes dfedent
order in both the AO systems and in the PD processing. For
Fig. 9. Log-log plots of noise-corrected G-band power spectra. Eaelach indicated value of the Fried parameaigrl00 random

dot represents data for one of several partly overlapping penumbagvefronts were generated from a modified Kolmogorov dis-
subfields selected from four of our best PD-restored frames (see eugbution. The modification, which should correspond to a con-
A-G inFig. 2). The solid line represents the running mean for all thearyative approximation of the AO and PD corrections, is that
subfields. The long-dashed curve is calculated in the same way frgh variances for all low order Karhunen-ev@ modes (mode
the active granulation subfields (e.¥=2). In total, 20 granular and number<28) were set to the variance of mode 28, i.e., the
80 penumbral subfields were included. The DOT curve was computelé ' '

from the noise-filtered data of S01. The shortest-dashed curve repg:r%[recnon is assumed to be to the same level as the uncor-

sents a fit to the results of SAB98 — its position along the vertical a>{i§CtEd tail. The qugdratlc ava_arag.e of the MTF correspondlng
is arbitrary.v is the difraction limit at 430 nm (G-band). to each wavefront is pIo_tted in Fig. _11. Thes_e curves con_S|st
of two parts. At low spatial frequencies (outside the plot win-
dow) they are seeing limited, decreasing rapidly. In the mid
same direction can also be expected due to the lower contragfrad high frequency range, they are similar to th@ralction-
longer wavelengths. The DOT curve is an average power spigited curve but suppressed with an approximately constant
trum computed by us from three penumbral subfields from thgctor that varies witho. These MTFs are similar to the simu-
speckle-reconstructed DOT G-band data of SO1, which wesgions of Nisenson & Barakat (1987). Figure 11 also shows a
kindly made available to us by Dr. Pugérlin. The latter spec- squared model detector MTF (Stevens & Lavine 1994) of the
tra were calculated with the same method as for our own d&®AF1600 CCD at 430.5 nrFigure 12 shows multiplicative
(except for noise correction because the data are noise filtereghrections for these twoffects, that could be applied to the
normalizing the penumbral intensity to the mean intensity @D-corrected power spectra, dependingrenlt is clear that
the surrounding granulation. they are far from being steep enough to make our spectra flat,
We first comment on the spectrum of SAB98, which ifor any realistic seeing condition (as well as some unrealistic
based on data that are not corrected for any blurfiegts. The ones).
authors caution that the curve should not be trusted belféw O \We turn now to the DOT data of Fig. 9. At low frequencies

Indeed, above that point, the slope agrees well with our dagige DOT power spectrum runs approximately parallel to our
while the power rapidly falls @5 at smaller scales due to seepenumbral curve but at a factor of about 4 higher. From a knee
ing effects and the smaller aperture. The question is whethghabout 035, it becomes slightly steeper. The parallel shift can
effects unaccounted for in our reconstructed data are enougbéqupmned by the fact that, while the AO system and the PD
require a flat spectrum or if the MTFs of Bonet et al. (1995) jugkocessing correct a finite number of wavefront modes, speckle
happen to coincide with their power spectra. The latter hypoifterferometry imposes Kolmogorov atmospheric statistics on
esis is possible, since their MTFs lack instantaneous informge estimated PSFs. So the speckle reconstruction already in-
tion pertaining to the actual moment of observation. They algfdes the fiects of high-order tails shown in Fig. 11, which
sufer from the circular symmetrical approximation necessagye not corrected for in our PD-reconstructions. The factor 4
when measuring possibly strongly asymmetric 2D MTFs Ugorresponds approximately to the correction fgr= 15 cm

ing the 1D information in the edge spread function. The MTF

shown in log scale in Fig. 10a is an example. This MTF is cal-2 The KAF4200 pixels are identical to the KAF1600 pixels, al-
culated from the PD estimated wavefront corresponding to ofAgugh at 487.7 nm the MTF at thefidaction limit is a couple of

of the four focused images in the PD data set used to restpeecent lower than at 430.5 nm.

spatial frequency: v / Vo
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iffraction limited

spatial frequency: v / Vg

(b)

Fig. 10. PD MTFs.a) One of the four MTFs estimated with PD corresponding to the subfield in Fig. 7a (circle indicftestibn limit).
b) Squared sector averaged MTFs for the four focused images in the PD data used to make the image in FigactmnBlimited MTP
plotted as a reference. The spatial frequency coordinate is normalized tdfthetiin-limited frequency at 430 nm.
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spatial frequency: v / Vo

10°

measurements of Bonet et al. (1995). However, it seems that
most studies of that problem conclude that its contribution to
the PSF have anflective width of on the order of at least’30
(e.g. Chae et al. 1998, Fig. 4). This produces a slowly varying
bias and is unlikely to have any influence on the power spec-
trum at these small scales.

This discussion has highlighted the uncertainty surrounding
the true shapes of power spectra of small solar structures. Even
S0, itis clear that the uncertainties are not large enough to make
our data consistent with a flat spectrum. In fact, both the low
frequency part of the DOT data and our own PD data power

Fig. 11. Squared simulated MTFs corresponding to the tail of urspectra (corrected as appropriate) fit well to power laf's,
corrected modes for flerent seeing conditions. Biaction-limited The active granulation seems to have a slope ©f—3.6, while
MTF? plotted as a reference. Also, the MT8f the KAF1600 CCD  the penumbral power is steeper withs —4.0.

detector is plottedy, is the difraction limit at 430 nm (G-band).

102

Lo = 7 ecm

PD power correction

spatial frequency: v / v,

Fig. 12. Power spectra corrections for PD reconstructed data: squal
ratio of the ditraction-limited MTF to the combined MTF of the de-
tector and uncorrected high-order atmospheric moges the difrac-

tion limit at 430 nm (G-band).

4.3. Preferred sizes

S01 finds an excess in penumbral power as compared to quiet
granulation and he claims that the excess peak$34,@vhich

has been considered by observers to be a typical width of
penumbral filaments (Sobotka 1997).

Figure 13 shows a similar comparison between penumbral
and granular spectra. As in Fig. 9, our spectra fit well to power
laws. The G-band PD FOV only shows granulation which is
fairly magnetically active. We therefore compare the power of
penumbra, active granulation and “quiet granulation” (at least
mare quiet) in our 488-nm images, which has a larger FOV,
{see Fig. 1). In contrast to the PD restorations and the speckle
restorations of S01, this image was restored only for the the-
oretical MTF of the telescope and detector. This is spatially
invariant, so the deconvolution could be performed with the
same low-pass filter over the whole image. It should be noted

seeing. lofdahl & Scharmer (2003) find that the estimatethat the residual wavefronts are larger in the quiet granulation
wavefronts for these data are consistent withx 20 cm, al- subfields, because they are further away from the FOV of the
though this is a very approximate value, which ignores distadO wavefront sensor.
tions of the statistics by frame selection and field-dependent In Fig. 13, we also see the penumbral power excess, but as
AO correction. The exact numbers are not important, since ther spectra continue smoothly to higher frequencies, there is no
simulation is only meant to illustrate the type @fext involved. apparent preferred scale of any curve’&8% In fact, they all

A remaining uncertainty is theffect of atmospherically look like power laws all the way to the noise dominated regime.
scattered stray light, which is unaccounted for by PD and We suggest that the”85 peak of SOl is an ar-
speckle methods alike but would be included in the direct lintfact from field-dependent low-pass filtering during the



L. H. M. Rouppe van der Voort et al.: Penumbral structure’atr@solution. 1. 725

R R L _1okm  active granulation. However, we prefer not to draw any con-
07 03 03 0¥z 013 o clusions from these due to the many possible reasons why im-
I il} ‘ age power spectra can falffas power laws. Whether in this
10721 7‘3 | case, this is indeed due to preferred widths or to sharp edges be-

tween bright and dark structures, scale invariance, turbulence,
or other random processes, we cannot tell from these investiga-
tions. Finding typical scales for penumbral filament widths, if
such typical scales do exist, requires a more direct method of
pattern recognition.

o
&
T

9
.
T

relative intensity power

5. Summary

o
b

E penumbra
[ - — — — active granulation
[--v-- quiet granulation
1078 ‘

107"

Keeping in mind that we have studied only one specific penum-
bra, we summarize our results as following.

From inspection of the images, it is clear that sunspot
penumbrae consist of filaments also at a resolution better
than 100 km. They are likely to continue at even smaller
Fig.13. Mean power at 488 nm for 47 penumbral, 12 activescales, since there are still unresolved filaments which must
granulation, and 6 quiet-granulation subfields from 3 framgis the have widths smaller than 80 km. The fine structure along the
diffraction limit at 430 nm (G-band). filaments is limited so that filaments do not seem to be com-

posed of chains of aligned penumbral grains. At this resolution,
numbral grains have internal structure and look like they are

. . . ._pe
image-reconstruction process. Although the seeing Stat'Sli)?gssed by narrow dark structures.

can be assumed to be similar over a large FOV during the col- )
We calculated spatial power spectra of the penumbra and

lection of a 100-image speckle data set, which would argue . : .
Lo . . ~compared the results with the earlier work @frhez Almeida
for similar filtering of the entire FOV, the extent of the Slgnalé&gonet (1998) and Stterlin (2001) who studied sunspot

dominated domain does not only depend on the seeing but & . . .
y aep g enumbrae at lower spatial resolution. Since our PD procedure

on the object. E.g., it is not unlikely that the high-contrast dtjfeocorrect the G-band images for seeirfieets is based on a

band filigree boosts the power at high frequencies enough cated expansion of the wavefront, we estimated fese

. . . . trun
extend the signal-dominated regime, so that this power dro "élh .
9 9 P ggs igh order aberrations on the power spectra. We conclude
e

later. Indeed, comparison of the power spectra in Fig. 13 sho . : : .
that for our data, the penumbral and active granulation povx} ?t the correction that might be applied to the power spectra is

. . . : low for the resulting penumbral power spectrum to be flat
spectra are signal dominated at higher frequencies than& o . . '
quet granulatign 9 q in conflict with the results of & chez Almeida & Bonet (1998),

but in agreement with 8terlin (2001). Atmospherically scat-
tered stray light that was not corrected for in the methods of
4.4. Discussion Slitterlin (2001) and ourselves, is unlikely téfect the power

. . r mall ial les.
As noted in Sect. 3.2 there are still many unresolved featuresS g&a;tj t?earllti: Zaooslpa;;aosrf: dejn enhancement in soatial power
the current resolution limit and it should be noted that the non- ( ) rep P P

flatness of the power spectra is not an argument per se ag%"?: nd 035 in penumbral power spectra which might point

the existence of the km-sized filaments inferred by SAB98. CI)I]aT %@zr;eixgtf?oﬂ r?w?)r:graibﬁl fr"easrgﬁ/re]:tj-o:)ns:rl\]/;t?c?:sr\?v-e
the contrary, power laws with ~ —2, common in the power POWer sp Nighly '

) . dP not find any enhancement in power at these scales. A pre-
spectra of natural images (images of trees, landscapes, nF\ U- ) . X

: . : Iminary estimate is that the penumbral power spectrum in the

ral textures, etc.), can be attributed to a scale invariance win and approximately fits a power law®. sliahtly steeper
an approximately constant energy content per decade (Fi an activgp ranulatio% that fatl)léfdike a6 gntly P
1987). Also, turbulence is known to generate power spec{ra 9 v
that fall off with the similar slope ofr ~ —5/3. However, as
demonstrated quite drastically by Nordlund et al. (1997), ev
ana ~ —2 power law is no guarantee for turbulence, scale i
variance or structures at all sizes. They show that the power ) )
spectrum of (simulated) granulation is also close taan—2 AcknowledgementsThe Swedish 1-m Solar Telescope is operated on
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spatial frequeney: v / Vo

We finally remark that power spectra are not very useful for
gﬂding typical sizes because power at high spatial frequencies
does not necessarily come from small structures.
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Appendix: Noise correction for power spectra Field, D. J. 1987, J. Opt. Soc. Am. A, 4, 2379

Gonsalves, R. A. 1982, Opt. Eng., 21, 829

Lofdahl, M. G. 2002, in Image Reconstruction from Incomplete
D, = FSy + Ny = Gy + N, 1) E?;zlllifg. P. J. Bones, M. A. Fiddy, & R. P. Millane, Proc. SPIE,
where S,, is the corresponding OTF, arld, is a realization Lofdahl, M. G., Berger, T. E., & Seldin, J. H. 2001, A&A, 377, 1128
of additive Gaussian white noise, respectivélyis the object -0fdahl, M. G., Berger, T. E., Shine, R. A., & Title, A. M. 1998, ApJ,

andG, is the object convolved with the atmospheric andinstrllj_;?'si’“gﬁfe & Sch G.B. 1994 AGAS. 107 243
mental PSF, i.e., a noiseless image. olgan, \. %., & scharmer, %5, B. ’ N

Normallv. the deconvolution of imaaes based on instrumelﬁt?fdahl’ M. G., & Scharmer, G. B. 2003, in Innovative Telescopes and
Y, 9 Instrumentation for Solar Astrophysics, ed. S. Keil, & S. Avakyan,

tal MTFs and PD estimated atmospheric OTFs involves a noisg, . sp|e 4853 567
filter. However, for the purpose of calculating power spectrfyartinez pi”el’-_’ V. 2600, A&A, 361, 734
the estimated object is calculated simply with a multi-fram@uiler, R. 1973a, Sol. Phys., 29, 55

We write the Fourier transform of data frame numbeis

inverse filter operation, Muller, R. 1973b, Sol. Phys., 32, 409
— Muller, R. 1992, in Sunspots. Theory and Observations, NATO ASIC
Fx 2n(Gn + Ni)S;, @ Proc., 375, 175
o |§n|2 ’ Muller, R., & Roudier, T. 1984, Sol. Phys., 94, 33

_ ] ] Muller, D., Schlichenmaier, R., Steiner, O., & Stix, M. 2002, A&A,
where & denotes an estimated quantity and ased as a su- 393, 305

perscript denotes a complex conjugate. The summation is OM&enson, P., & Barakat, R. 1987, J. Opt. Soc. Am. A, 4, 2249

the (four) focused images in a PDS data set (we exclude thal, R. J. 1976, J. Opt. Soc. Am., 66, 207

diversity out-of-focus images from the final deconvolutionNordlund, A., Spruit, H. C., Ludwig, H.-G., & Trampedach, R. 1997,
Equation (2) is a good approximation at low spatial frequen- A&A, 328, 229

cies, but at high frequencies it is dominated by amplified noidgarker, E. N. 1992, in NATO ASIC Proc. 375: Sunspots. Theory and
While this is usually filtered out for viewing, the filtering does ©OPservations, 413

distort high frequency power and is therefore not desirad?gznr;ag’ ge.lc(;);ZSchulz, T J., & Fienup, J. R. 1992a, J. Opt. Soc.

when we are interested in the power spectrum itself. The POYEiman, R. G., Schulz, T. J., & Fienup, J. R. 1992b, in Technical
spectrum of the inverse filtered data takes the form Digest Series, Vol. 11, Signal Recovery and Synthesis IV, Optical

S " =~ Society of America, 5-7
p = ZnGn+ N“)AS” Zm(GAm + Ni)Sm_ (3) Roddier, N. 1990, Opt. Eng., 29, 1174
Yn1Snl Xm [Sml? Sanchez Almeida, J. 1998, ApJ, 497, 967

o . anchez Almeida, J., & Bonet, J. A. 1998, ApJ, 505, 1010
We now want to remove the contribution from the noise. T charmer, G. B. 1989, in Solar and Stellar Granulation, ed. R. J.

real noiseNy, is _unknown but we gan base the correction on Rutten, & G. Severino (Kluwer Academic Publisher), 161-171
the expected noise power. The noise and the solar featuresgi€,mer G. B. Bjelksj” K., Korhonen, T. K., Lindberg, B., &

uncorrelated, so when calculating the expectance value, crossettersson, B. 2003a, in Innovative Telescopes and Instrumentation
terms do not contribute. Also, noise infidirent frames is inde-  for Solar Astrophysics, ed. S. Keil, & S. Avakyan, Proc. SPIE,

pendent sS§NLNm) o« dnm. We get 4853, 341
Lo S 2 Scharmer, G. B., Dettori, P.,dfdahl, M. G., & Shand, M. 2003b, in
Py = 2:n.mGnGrSpSm N 2.n{INn)Shl ) Innovative Telescopes and Instrumentation for Solar Astrophysics,

h |§n|2)2 S |’§n|2)2 ed. S. Keil, & S. Avakyan, Proc. SPIE, 4853, 370

Scharmer, G. B., Gudiksen, B. V., Kiselman, Doftdahl, M. G., &
where, forS, = S,, the first fraction reduces exactly to the Rouppe van der Voort, L. H. M. 2002, Nature, 420, 151
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