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ABSTRACT

Aims. We investigate the spatial distribution of magnetic paiesiin the penumbra of a spot observed very close to dislecent
Methods. High angular and temporal resolution magnetograms takémtive Narrowband Filter Imager aboard Hinode are used in
this study. They provide continuous and stable measurenietite photospheric F&30.25 line for long periods of time.

Results. Our observations show small-scale, elongated, bipolanetagstructures that appear in the mid penumbra and moiadisad
outward. They occur in between the more vertical elds of peeumbra, and can be associated with the horizontal elalsttarbor
the Evershed ow. Many of them cross the outer penumbral Hatyy becoming moving magnetic features in the sunspot.rigat
determine the properties of these structures, includiag fizes, proper motions, footpoint separation, anditifes.

Conclusions. The bipolar patches can be interpreted as being producedabgespent eld lines that originate in the mid penumbra
and eventually leave the spot in the form moving magnetitufea. The existence of such eld lines has been inferrenh f8iokes
inversions of spectropolarimetric measurements at lowgukar resolution, but this is the rst time they are imagerkectly. Our
observations add another piece of evidence in favor of tkembed structure of penumbral magnetic elds.
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1. Introduction bra. Here we investigate the distribution of magnetic ptiéer
- . . in and around sunspots using magnetograph observatiosis tak

Signi cant progress in the understanding of the penumbig, Hinode (Kosugi et al. 2007). The unprecedented resmiut

has been made through high resolution magnetograms ??d;stabilityofthese measurements allow us to follow tiudev

Dopplergrams (Title et al. 1993; Schlichenmaier & Schmidjy, of th bral tructure i larized light forum
2000; Langhans et al. 2005; Rimmele & Marino 2006), spec- ot the penumbral ne Structure In poranzed ight fortrs.

tropolarimetric measurements (Degenhardt & Wiehr 1991;
Sanchez Almeida & Lites 1992; Lites et al. 1993; Stanch elg opservations
et al. 1997; Ruedi et al. 1999; Westendorp Plaza et al. 2001,
Schlichenmaier & Collados 2002; Mathew et al. 2003; Belldur study is based on longitudinal magnetograms acquirtd wi
Rubio et al. 2004; Borrero et al. 2005, 2006; Sanchez Cusbetbe Narrowband Filter Imager (NFI; Tarbell et al. 2008) atdoa
et al. 2005; Beck 2006; Jurcak et al. 2007), and forward ehod Hinode. On November 14, 2006, the NFI observed the isolated
ing (Mart'nez Pillet 2000; Muller et al. 2002). Today itdgreed spot AR 10923 from 07:10 to 09:40 UT and from 11:00to 17:10
that the penumbra consists of magnetic elds havingedent UT. The instrument was tuned to measure the StokasdV
inclinations and strengths, as proposed by Solanki & Mamiavsignals of F&630.25 nm at 120 mA from line center. The mag-
(1993) in their uncombed penumbral model. One particularfyetograms cover a eld of view (FOV) of 328 164°0 and have
relevant result derived from spectropolarimetry is thameo an irregular cadence of 1-5 minutes. Theeetive pixel size of
eld lines return to the solar interior well within the penum the measurements i€%6, which gives a spatial resolution of
bra. The modest angular resolution of ground-based potaeira  about 832. The spectral resolution of the NFI is 90 mA. The
has precluded an unambiguous direct detection of such @pposspot crossed the central meridian around 10 UT, reachingna mi
polarity eld lines or the study of their temporal evolution imum heliocentric angle of 6

Also, in recent years there has been an increased inter- The data have not been corrected for instrumentatés be-
est in determining the relation between moving magnetie feeause of di culties in constructing accurate at elds. We there-
tures (MMFs; Harvey & Harvey 1973) and penumbral madere restrict our analysis to the polarity of the magnetild.erhe
netic elds. There is growing observational evidence thabb polarity should be insensitive to spatial variations in itfgtru-
lar MMFs are the continuation of the more horizontal magnetment transmission because it is obtained as thergince of two
elds of the penumbra in the sunspot moat (Sainz Dalda &tensity measurements.

Mart'nez Pillet 2005; Ravindra 2006; Cabrera Solana &G6; Single wavelength magnetograms, such as the ones used
Kubo et al. 2007a), but a clear picture has not yet emerged chere, may fail to retrieve the polarity of the eld in the pres
toinsu cient angular resolution. ence of large Doppler shifts or multilobed Stokésspectra.

Establishing the small-scale organization of the magnefitiese pro les are common in sunspot penumbrae because of
eld in the penumbra is crucial to shed light on these issuetheir strong Evershed ows (e.g., Schlichenmaier & Collado
and also to distinguish between competing models of thempenw2002; Bellot Rubio et al. 2007). However, in sunspots clase t



2 Sainz Dalda and Bellot Rubio: Detection of sea-serpert ligles in sunspot penumbrae

OAA AR 10923 by Hinode—SOT/NFI 2006—11-14T13:20:43
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Fig. 1. Top: Magnetogram (Stokeg map) of AR 10923 with umbral and penumbral contours overlBite magnetogram signal has been reversed
to treat the spot as if it were of positive polarity. The dtre to disk center is marked with an arrow. The circles iatéca number of negative-
polarity signals in the penumbra. The magnetogram is sadi 500 data numbers (hereafter DNBpttom:22% 225 sub elds showing
some of the negative-polarity patches. Usually, they ase@ated with a positive-polarity structure farther frohe tumbra. The bipolar pairs
occur in between laments of positive polarity (indicatedtwarrows). The frame number and time of each magnetograives in the title.
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Fig. 2. Time-slice diagrams for laments #1, 3, 9, and 10. They haaerbcreated following the trajectories of the oppositexitl patches de ning
the laments. The horizontal solid lines mark the positidrtlee gap between 9:40 and 11:00 UT. The dotted lines repréiserinstantaneous
outer penumbral boundary. The arrows show the slopes aftetes moving at 0.3, 0.5, and 1 km's

disk center the horizontal Evershed ow does not signi dgnt — The lengths of the individual patches are usually in the eang
shift the Stoked/ spectra. Only near the outer edge of the spot, 2-3°0 although some extreme cases $iave been detected.
where eld lines are thought to return to the surface, may the Their mean width is%5, but they can be as narrow 250
ow produce redshifts in both the center-side and the lindes
penumbra. Our measurements were taken in the blue wing of To investigate the temporal evolution of the bipolar struc-
Fei 630.25 nm, so Doppler shifts to the red cannot change tiuges in more detail we use time-slice diagrams. They repre-
sign of the magnetogram signal. In addition, the small lngiie  sent the polarization signals observed along the trajestaf
tric angle of the spot means that projectioreets are negligible. the patches as a function of time. The width of the paths is
For these reasons, negative polarities in the magnetogratps %6, corresponding to one pixel in the magnetograms. Figure 2
correspond to eld lines pointing to the solar surface, vélzer displays time-slice diagrams for laments #1, 3, 9, and 18. A
positive polarities indicate elds directed away from thans can be seen, the typical separation between the two opposite
The magnetograms have been aligned by cross-correlatigharity patches is on the order of £92They move with ve-
to create a movie for the 07:10-17:10 UT period with kcities in the range 0.3-0.4 km although others propagate
gap between 09:40 and 11:00 UAR10923.mpgavailable as as fast as 0.7 km &. No signi cant velocity variations are de-
Supplementary Material). This presentation of the datagwiétk tected. Occasionally, more than one bipolar pair seem t@ltra
easier to follow the temporal evolution of the polarizatiig- along the same lament, one after the other. This appeargto b
nals in the penumbra. The movie covers a FOV of21212°0 the case in the four examples of Fig. 2, but we cannot draw a
and has a regular cadence of 5 minutes. de nite conclusion due to the gap between 9:40 and 11:00 UT.
The time-slice diagrams show that the positive and negative
patches often cross the outer penumbral boundary (repessen
3. Results by the dotted lines). In the case of laments #1 and #9, the two
patches travel a distance of some %i6 the moat. The cross-
The upper panel of Fig. 1 shows a magnetogram of AR 10928g of the penumbral edge does not modify the speed of these
The polarity of the spot is negative, but for clarity purp®sefeatures, but they adopt a more roundish shape outside the sp
we have reversed the sign of the magnetograms to treat it asThe magnetogram movie demonstrates that, at any given
a positive-polarity spot. With a color scale saturating 800 time, up to 15-20 bipolar structures may coexist in the penum
DNs, the lamentary structure of the penumbra is clearlynseebra. They are observed all around the umbra, with no preferre
Also conspicuous is the existence of many negative (black) pirection. Their lifetime can be as short as 30 minutes ogéon
larity patches well within the penumbra. They are obsenad rthan 7 hours. Usually, the former are very weak and do notreac
only on the limb side, but also on the center side of the sgu. Tthe outer penumbral boundary.
positions of some of these structures are indicated wittiesr
A careful inspection of the magnetograms reveals that most ) )
of the negative-polarity patches are associated with jpesit 4- Discussion and conclusions

polarity structures located next to them but farther fromdm- - e appearance and coherent motion of the bipolar striture
bra. When detected, the positive-polarity patch has a §&0n gescribed above gives a strong impression that they regrese
magnetogram signal than the background (which is also pogie two footpoints of magnetic eld lines having the shape of
tive). Usually, the two patches appear elongated and naiflo& 5 geq serpent. The opposite-polarity patches are observe i
magnetogram movie shows that these opposite-polaritys plfions of weak positive magnetogram signals, anked by penum
move radially outward as a single entity. _ bral laments with stronger signals. Since the spot wasuilly
The bottom panels of Fig. 1 give examples of bipolar penurgt disk center, weaker signals indicate more horizontaland
bral structures. We have included contours of the umbrale®d {yeaker elds. These elds are precisely the ones that carey t
penumbra (obtained from the intensity images) to help iflent eyershed ow. Thus, the bipolar structures occur in the niore
the radial distances at which they are seen. Figure 1 ifltesir clined elds of the penumbra, surrounded by the verticade!
the following properties of these structures: of the spines (Lites et al. 1993).
We suggest that the opposite-polarity patches are the man-
— They appear in the mid penumbra (e.g., #3, 5, and 10). ifestation off -loop perturbations of the eld lines driving the
— They occur between penumbral laments with enhancdéivershed ow. The negative-polarity patch, the one cloeghe
positive signals (see the arrows in the panels of Fig. 1). umbra, contains eld lines returning to the solar surfachijlev
— They exhibit a lamentary structure (e.g, #3, 6, and 7). the leading positive-polarity patch represents the rergaree
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models of the penumbra, such as the turbulent pumping model
(Thomas et al. 2002), the gappy penumbral model (Spruit &
Scharmer 2006; Scharmer & Spruit 2006), or 3D simulations of
sunspot penumbrae (e.g., Heinemann et al. 2007), can also ex
plain the observations. In any event, it is clear that theuibket
topology of these eld lines must be inferred from spectrapio
metric data, necessarily at the same or better resolutamttiat
provided by Hinode.
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