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ABSTRACT

Context. Sunspot penumbrae show a fine structure in continuum intensity which displays considerable dynamics. The magnetic field,
in contrast, although also highly structured, has been shown to be relatively static in earlier studies.
Aims. We report on the discovery of inward moving magnetic enhancements in the penumbrae of two regular sunspots, and charac-

terize their fundamental properties.

Methods. Using continuum images, longitudinal magnetograms and Dopplergrams, recorded in high resolution mode by the
Michelson Doppler Imager (MDI) instrument on the Solar and Heliospheric Observatory (SOHO), we have probed the evolution
of magnetic features in the inner penumbra. The relationship between magnetic features, corresponding brightness in continuum im-

ages and Dopplergrams is also considered.

Results. Local enhancements of the line-of-sight (LOS) component of the magnetic field in the inner part of the penumbral region
move inward towards the umbra-penumbra boundary with a radial speed of about 0.3 km s~!. These local inward-moving enhance-
ments of the LOS component of the magnetic fields appear to be relatively common. They are associated with dark structures and tend
to display downflows relative to the penumbral background. We also confirm the presence of outward moving magnetic enhancments
in the outer half of the penumbra. Possible explanations are discussed.
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1. Introduction

Sunspot penumbrae are both structured in a complex manner
and highly dynamic. They display fine structure in the form of
dark and bright fibrils (the latter with dark cores; Scharmer et al.
2002) and bright points, called penumbral grains located mostly
in the inner penumbra (e.g. Muller 1976; Sobotka 1997; Sobotka
et al. 1999; Sobotka & Sutterlin 2001; see also Rimmele &
Marino 2006). Dynamic features associated with the penumbral
photosphere are the inward motion of penumbral grains, the out-
ward directed Evershed flow, the outward motion of dark clouds
which seem to dominate the outer penumbra (Shine et al. 1994),
as well as oscillations (e.g. Musman et al. 1976; Bloomfield et al.
2007). See Solanki (2003) for a review.

The magnetic field, like the brightness, also displays a com-
plex structure in the penumbra, with interlaced regions of hori-
zontal and more inclined field, lying nearly parallel to penumbral
fibrils (Degenhardt & Wiehr 1991; Title et al. 1993). These have
been interpreted in terms of horizontal flux tubes embedded in
an inclined field (uncombed field; Solanki & Montavon 1993; cf.
Bellot Rubio et al. 2004; Borrero et al. 2005, 2006) and of field-
free gaps between the field lines (Scharmer & Spruit 2006).

Unlike the brightness structure, there has so far been little
evidence for significant, persistent changes of the fine-scale
magnetic structure of the penumbral photosphere. In fact, the
magnetic pattern has been found to change little over a period
of an hour (Solanki & Riiedi 2003). The main exception is the
outward motion of magnetic enhancements which later move
into the moat and become moving magnetic features (MMFs)

(Vrabec 1971; Harvey & Harvey 1973; Muller & Mena 1987;
Brickhouse & LaBonta 1988; Lee 1992; Thomas et al. 2002;
Zhang et al. 2003; Hagenaar & Shine 2005; Sainz Dalda &
Martinez Pillet 2005; Kubo et al. 2007; Zhang et al. 2007).
Although some MMFs originate inside penumbrae, they usually
first appear just outside the sunspot along a radial line extending
from a dark penumbral filament (Sainz Dalda & Martinez Pillet
2005; Cabrera Solana et al. 2006; Ravindra 2006; Zhang et al.
2007).

Here we present the first observation of inward moving mag-
netic enhancements in penumbral photospheres and determine
their continuum brightness signature.

2. Observations

The data sets analyzed here consist of magnetograms,
Dopplergrams and continuum images, obtained by the
Michelson Doppler Imager (MDI, Scherrer et al. 1995) onboard
the SOHO spacecraft, operated in its high-resolution observ-
ing mode with a spatial and temporal sampling of 0.6” and
1 min, respectively. The targets are the active regions, NOAA
AR 0330 (u = 0.984, which corresponds to a heliocentric an-
gle 6 of 10°) and NOAA AR 9697 (u = 0.974, 6 = 13°).
NOAA 0330 was observed between 2003 Apr. 9, 14:05 UT and
2003 Apr. 10, 00:49 UT, while NOAA 9697 was observed be-
tween 2001 Nov. 17, 18:00 UT and Nov. 18, 06:10 UT. We treat
the data as Sainz Dalda & Martinez Pillet (2005) did, i.e. select
a square region of 180" x 180", compensate for solar rotation
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Fig.1. Continuum intensity images from SOHO/MDI showing the
main sunspots belonging to active regions NOAA AR 0330 (top) and
AR 9697 (bottom). The field-of-view of both frames is about 70" x 70"
The three white Windows, I, II and III, denote sub-areas of the inner
penumbral regions where dark features with enhanced magnetogram
signals move toward the umbra (see Figs. 2, 4 and 6). The solid lines
“AB” and “CD” cut the penumbrae from the inner to the outer bound-
ary. Time slices of measured quantities along these lines are shown in
Figs. 3 and 5. The arrows point to the disk center.

and correct for border effects. We then followed the transit of
a sunspot through the MDI high-resolution area. All magne-
tograms, Dopplergrams and continuum images were further co-
aligned by searching for the maximum of their correlation with
respect to a single reference magnetogram. This ensures that any
proper motion of the sunspot as a whole is removed, so that
the center of gravity of the spot remains roughly at the same
position. Figure 1 shows continuum images of the two studied

Fig. 2. Time sequence of continuum images (left column) and the corre-
sponding magnetograms (right column) in the field-of-view (9 x 6”) of
Window I marked in Fig. 1. The continuum intensity contours are also
overplotted on the corresponding magnetograms. The dynamic ranges
are from 1400 counts pixel™! to 2200 counts pixel~! for the continuum
images and from 400 G to 1100 G for the magnetograms. The arrows
are described in the text.

sunspots. The three rectangular frames outline three subfields
(shown in detail in Figs. 2, 4 and 6), and the solid lines “AB” and
“CD” cross the penumbra from the inner to the outer boundary
at locations at which we present time slices. In the following we
discuss the dynamics of the field, the brightness and the velocity
in these locations.

3. Results

In Fig. 2 we display a time sequence of the continuum images
(left column) and the magnetograms (right column) in the sub-
field (Window I) marked in the upper panel of Fig. 1. The light
yellow continuum intensity contours outline a dark feature, the
white ones the umbral boundary (see the arrow in the continuum
image at 17:34 UT). These contours are overplotted onto the cor-
responding magnetograms. The brightness of the dark feature is
about 80% of the average brightness in the penumbra and corre-
sponds to an enhancement in the magnetogram signal, B) (i.e. the
LOS component of the magnetic field) seen in the right panels of
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Fig. 2 as a finger of enhanced brightness. The Bj enhancement
and the associated dark feature first appear in the inner half of
the penumbra and move to the inner penumbral boundary with
an average speed of 0.3 km s~! from 17:34 UT to 19:36 UT. The
arrow in the continuum image at 18:35 UT denotes the motion
direction of the feature. Finally, this feature intrudes into the um-
bra at 20:36 UT. The fact that it appears isolated in brightness,
but only as an intrusion of high field into the penumbra has to do
with the strong radial gradient in the magnetogram signal. When
this gradient is removed (see the following figures) the magne-
togram enhancement becomes clearly visible.

Figure 3 shows time slice maps taken from the con-
tinuum images (left), the magnetograms (middle), and the
Dopplergrams (right). The X-axis is the distance (~14 Mm) from
“A” to “B” (see Fig. 1), which cuts the penumbra from the in-
ner to the outer boundary, and the Y-axis is the time from 2003
Apr. 9, 14:20 UT to Apr. 10, 00:20 UT. To better reveal small-
scale (moving) features, we make a 2D quadratic polynomial fit
to each of the upper frames. After the removal of this polyno-
mial fit (lower frames) considerable dynamic structure becomes
visible, with different features in the inner (left of the vertical
white lines) and the outer penumbra. In the outer penumbra, a
large magnetic feature is seen to move steadily outward with a
speed of 0.25 km s~! for about 7 h. Upon leaving the sunspot
it becomes an MMF. The dotted line in the lower magnetogram
time slice shows its trajectory. In the outer penumbra there is also
a possible hint of small magnetic features which move outward
with an average speed greater than 1.2 km s~! (the arrows in
the lower middle panel point in the directions of motion). These
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Fig.3. Time slice maps taken from the con-
tinuum images (left), the corresponding mag-
netograms (middle) and Dopplergrams (right),
respectively. For each map, the X-axis repre-
sents the distance (~14 Mm) from “A” to “B”
(see Fig. 1), which cuts the penumbra from
the inner to the outer boundary (left to right).
The Y-axis denotes time, running from 2003
Apr. 9, 14:20 UT to Apr. 10, 00:20 UT (from
bottom to top). The upper frames show orig-
inal data, with the color scale ranging from
1200 counts pixel™! to 2400 counts pixel~! for
the continuum map, from 150 G to 1000 G for
the magnetogram map, and from —180 m s
(blue and black, blue shift) to 180 m s~! (red
and yellow, red shift) for the Dopplergram
map. The lower frames display relative sig-
nals which are obtained after subtracting a
second-degree polynomial surface fit from the
original data. The dynamic ranges are from
—100 counts pixel™! to 100 counts pixel™! for
the continuum map, from —100 G to 100 G for
the magnetogram map, and from =120 ms™! to
120 m s~! for the Dopplergram map. The 80 G
contour overplotted on all time slices, refers to
the filtered magnetogram signal in the lower-
middle map. The vertical white lines on the
lower maps separate inward moving magnetic
features (denoted by “M1” and “M2”) from
those moving outward. The dotted line and the
arrows are described in the text.

features merge with the large one and continue their outward mo-
tion together. It seems that there are two kinds of outward mov-
ing magnetic elements, one is larger in area and moves slowly,
the other is smaller and moves quickly. We have not investigated
this in detail here, however, since this is not the topic of the
present paper. Furthermore, the velocities for the outward MMFs
are still close to the range reported in the literature (e.g. Zhang
et al. 2003). Thus we tend to think that there is no significant
difference between the two kinds of moving elements.

In the inner penumbra, however, magnetic features with
larger B, denoted “M1” and “M2”, move inward towards the
umbra. The feature “M1”, already present at the start of the
MDI observation period on 2003 Apr. 9, 14:05 UT, persisted
for 5 h while moving to the inner boundary with a mean speed
of 0.3 km s~!. About two hours later, the second feature “M2”
appeared. It moved to the inner boundary with a speed of
0.35 km s~!, and remained visible for 2-2.5 h.

As Fig. 3 only displays a 1D cross-sectional penumbral
slice, effects such as sunspot rotation may introduce some arti-
facts into the figure. Some young sunspots, or ephemeral-region-
accompanied spots, display obvious rotation (Brown et al. 2002,
2003; Gopasyuk & Gopasyuk 2005; Zhang et al. 2007). The
two sunspots shown in Fig. 1, however, are mature and isolated,
their rotation in the observational intervals could not be detected.
Nonetheless it would be advantagous to also display the results
in a manner which is more robust against the influence of rota-
tion.

Another disadvantage of time slice maps is that the true
shapes and sizes of the moving features as well as the evolution
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Fig. 4. Time sequence of images in the subfield
marked by Window II in Fig. 1 (10” x 5”)
showing the evolution of a real feature. From
left to right: continuum images, the correspond-
ing magnetograms and relative magnetograms,
which are obtained after subtracting a second-
degree polynomial surface fit from the original
magnetograms. Arrows in the left column point
to a dark feature, others to the corresponding
inward moving magnetic enhancement “M1”
(see Fig. 3).
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of these parameters cannot be clearly displayed. Figure 4 shows
a time sequence of images in the subfield (Window II in Fig. 1)
in which the evolution of the feature “M1” (see also Fig. 3) takes
place. During the plotted 106 min interval, “M1” moves 1600 km
toward the umbra-penumbral boundary, with an average speed of
0.26 km s~!. Consequently, the inward motion of the enhanced
magnetogram signal seen in Fig. 3 is real.

These inward moving features are slightly darker than av-
erage. In the inner penumbral region (see the lower frames of
Fig. 3), there is a relationship between continuum intensity and
magnetic flux density residuals (with a correlation coefficient
of —0.52), as well as between continuum intensity and Doppler
shift residuals (cf. Schlichenmaier & Schmidt 1998), with a cor-
relation coefficient of —0.55. In the inner penumbra, stronger (or
more vertical) field appears to relate to darker features in the con-
tinuum (Lites et al. 1993; Borrero et al. 2004; Bello Gonzalez
et al. 2005).

Figure 5 shows time slice maps along the line CD (active
region NOAA AR 9697). In the inner penumbra, a magnetic
feature denoted “M”, originating from the central part of the
penumbra, moves to the inner boundary with an average speed
of 0.27 km s~!. The longer arrow indicates the direction of mo-
tion. This feature is obviously darker than average and is asso-
ciated with a slight average redshift relative to its surroundings.
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Fig.5. Same as the lower 3 frames in Fig. 3
but for the main spot of active region NOAA
AR 9697. The X-axis represents the distance
(~14 Mm, from “C” to “D” in Fig. 1) from
the inner to outer penumbral boundary (left fo
right). The Y-axis denotes the time running
from 2001 Nov. 17, 19:56 UT to Nov. 18,
05:55 UT (bottom to top). “M” indicates an in-
ward moving magnetic feature, the black arrow
its direction of motion, the white arrow an out-
ward moving feature.

In the outer penumbra, a feature that later becomes an MMF
(see the shorter arrow in the middle panel) moves outward to
the moat around the sunspot. A further outward moving feature
originates near the place of origin of element “M”, but its motion
takes it away from the line CD (see below; the slice CD was cho-
sen to better display the inward moving element “M”). Figure 6
displays a time series of images showing the evolution of the
brightness and magnetogram in Window III (plotted in Fig. 1).
In the penumbra of AR 9697 both inward and outward mov-
ing features are seen. From Nov. 18, 01:17 UT to 05:20 UT, the
magnetic feature “M” (denoted by arrows in the right column,
see also Fig. 5) moves toward the umbra-penumbral boundary
with a speed of 0.24 km s~!. An outward moving feature “m”
(marked by arrows in the middle column), however, moves with
an average speed of 0.47 km s~!, almost double that of “M”.

In the time slice continuum maps in Figs. 3 and 5, a series of
nearly horizontal ridges forming a rib-like structure is seen in the
outer penumbrae. In contrast, both the magnetic field and veloc-
ity residuals point in the direction indicated by the arrows. The
continuum movie shows irregular variations of the brightness in
the outer penumbra, which are most likely due to oscillations.
Therefore in the outer penumbral region the continuum bright-
ness and magnetic flux density do not correspond to each other
as in the inner penumbra.
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Inward motion of features displaying an enhanced magne-
togram signal is also found at other locations in the studied
penumbrae, as well as in the main sunspot of NOAA AR 8375
in Nov. 1998, which we also analyzed and which confirms the
results found for the two sunspots presented here.

4. Discussion and conclusions

We report on the first detection of inward moving enhancements
of the magnetogram signal in the inner halves of sunspot penum-
brae, associated with a local darkening and possibly a weak
downflow. These features can be followed as far as the umbral
boundary. This phenomenon appears to be reasonably common,
since we noticed it at a number of locations in the penumbrae
of three different mature regular sunspots. We note that an en-
hancement in the magnetogram signal can be produced by an
enhanced field strength, by a field aligned more strongly with
the LOS (which, for a sunspot close to disk center, is equiva-
lent to a more vertical field), and conceivably also by spatially
unresolved temporal variations of continuum brightness or LOS
velocity. The MDI data do not allow us to distinguish easily be-
tween these possibilities (although the multi-wavelength mea-
surements do restrict the cross-talk from continuum intensity and
LOS velocity).

The best-known inward-moving features in sunspot penum-
brae are bright penumbral grains. Sobotka & Siitterlin (2001)
have reported that the inward-moving penumbral grains are lo-
cated mostly in the inner penumbra. Their average lifetime and
median speed are 50 min and 0.52 km s~!, respectively. These
properties are obviously different from those of inward moving
magnetic features, which have lifetimes of several hours and a
speed of 0.2-0.3 km s~! (see Figs. 3-6). Rimmele & Marino
(2006) have studied a time sequence of Evershed flows chan-
nels along penumbral filaments. The flow channels originate in
bright, inner footpoints with an upflow. The upflow turns into a
horizontal outflow along a dark penumbral filament. Both bright
and dark horizontal flows move and evolve as a unit, indicat-
ing that they are part of the same feature. Rimmele & Marino
concluded that penumbral grains are the inner footpoints of
Evershed flows where a hot upflow occurs. There have been
a number of reports in the literature of correlations between

699

Fig. 6. Same as Fig. 4, but for the subfield con-
tained within Window III (24” x 12”) in Fig. 1.
The arrows in the left and the right columns
mark an inward moving dark structure and the
correspong inward moving magnetic element
“M” (see Fig. 5), respectively, and arrows in
the middle column an outward moving mag-
netic element “m”.

small-scale magnetic field and brightness or velocity struc-
tures in the penumbra. Some authors, e.g., Wiehr (2000) and
Westendrop Plaza et al. (2001) proposed that the field is more
horizontal in penumbral dark structures. Lites et al. (1993) first
pointed out that the inner and outer penumbra may behave differ-
ently. They found that in the inner penumbra the magnetic field
of darker structures is more vertical, which has been confirmed
by Borrero et al. (2004, 2005, 2006) and by Bello Gonzalez et al.
(2005). It is interesting that Bello Gonzalez et al. (2005) note the
presence of downflows in the spines, which strengthens the cor-
respondence with the inward moving features that we see.

On a much smaller spatial scale, Langhans et al. (2005)
pointed out that dark penumbral cores show a lower magne-
togram signal than the bright parts of penumbral filaments. It
is unlikely that the relatively low resolution MDI magnetograms
react strongly to such finesses. We expect rather that we are see-
ing something closer to the dark “spines” of more vertical field
(larger magnetogram signal) found by Liets et al. (1993). We
also note that the results of Langhans et al. are based on magne-
tograms recorded relatively close to the core of the spectral lines,
which are sensitive to relatively weak field (this can be judged
from the fact that dark features, such as the umbra, have a weak
magnetogram signal in the observations of Langhans et al.). In
the inner penumbra, the field is always larger than 1000 G.

Schlichenmaier et al. (1998a,b) have proposed that the bright
features in penumbrae moving toward the umbra in the inner
penumbra are the locations where hot flux tubes emerge which
become horizontal further out in the penumbra. It is not clear in
this model whether the inward moving features are associated
with an enhancement or depression of Bj. More promising is
the more recent version of this model by Schlichenmaier (2003),
who finds that the horizontal flux tube develops into a sea ser-
pent, with parts of it above and other parts below the solar sur-
face, so that multiple “footpoints”, loacted where the flux tube
crosses the solar surface, are presented within the penumbra. The
innermost visible part of it moving towards the umbra, while in
the outer penumbra the magnetic enhancements (“footpoints™)
move outwards and presumably become visible later as MMFs.
The first footpoint, at which the flux tube and the Evershed flow
it carried dives below the surface again, should show a down-
flow and may well be cool. This model would thus qualitatively
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explain the remarkable divergence between the inner and outer
parts of the penumbra, with magnetogram enhancements in the
outer penumbra moving outwards, those in the inner penumbra
inwards.

We are keenly aware of the limitations imposed by the com-
paratively low spatial resolution of MDI, even in its high reso-
lution mode. Future observations at higher spatial resolution are
likely to uncover more of the nature of these features. An analy-
sis of such observations is planned.
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