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ABSTRACT

Moving magnetic features (MMFs) are small photospheric magnetic elements moving outward in the zone (moat
region) surrounding mature sunspots. Vector magnetic fields and horizontal motion of the classical MMFs (called
isolated MMFs hereafter) are investigated using coordinated ASP and MDI observations. Their magnetic and ve-
locity properties are compared to nearby magnetic features, including moat fields surrounding the isolated MMFs and
penumbral uncombed structure. The moat fields are defined as nonisolated MMFs because they also move outward
from sunspots. The nonisolated MMFs have nearly horizontal magnetic fields of both polarities. We find that the iso-
lated MMFs located on the lines extrapolated from the horizontal component of the uncombed structure have mag-
netic fields similar to the nonisolated MMFs. This suggests that the MMFs with nearly horizontal fields are intersections
of horizontal fields extended from the penumbra with the photospheric surface. We find clear evidence that the isolated
MMFs located on the lines extrapolated from the vertical component of the uncombed structure have vertical field lines
with polarity same as the sunspot. This correspondence shows that such MMFs are detached from the spine (vertical)
component of the penumbra. We estimate that the magnetic flux carried by the vertical MMFs is about 1—3 times larger
than the flux loss of the sunspot. We suggest that the isolated vertical MMF's alone can transport sufficient magnetic flux

and are responsible for the disappearance and disintegration of the sunspot.

Subject headings: Sun: magnetic fields — Sun: photosphere — sunspots

Online material: color figures

1. INTRODUCTION

Mature sunspots are surrounded by a moat region with outward
flows. The outer radius of the moat region is typically about twice
the sunspot radius (Brickhouse & Labonte 1988). Numerous mag-
netic features called moving magnetic features (MMFs) are ob-
served in the moat region. MMFs move radially from around the
outer boundary of the sunspot penumbra. In this study, we examine
which moving features are responsible for removal of magnetic
flux from sunspots.

MMFs appear everywhere in the moat region with unipolar or
bipolar magnetic configurations. MMFs tend to appear as a pair
of opposite polarities near the outer edge of penumbra (Harvey
& Harvey 1973; Ryutova et al. 1998; Zhang et al. 2003), and at
least some MMFs are born inside the penumbra (Sainz Dalda &
Martinez Pillet 2005). MMFs often appear in association with
the Evershed flows at dark penumbral filaments, which are more
horizontal to the surface than bright penumbral filaments (Lee
1992; Ryutova et al. 1998). Cabrera Solana et al. (2006) showed
that Evershed clouds moved radially outward in the penumbra and
became MMFs once they reached the outer sunspot boundary.
Bonet et al. (2004) reported that many G-band bright points located
near the penumbra were born close to or at the end of dark pen-
umbral filaments. MMFs arrive at the outer boundary of the moat
region, or they vanish in the moat region (Harvey & Harvey
1973; Zhang et al. 2003). The measured horizontal velocity of
MMFs ranges from 0.1 to 1.5 km s~! (Harvey & Harvey 1973;
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Nye et al. 1984; Brickhouse & Labonte 1988; Lee 1992; Zhang
et al. 1992, 2003; Ryutova et al. 1998).

Three magnetic configurations have been proposed so far to
explain bipolar MMFs: Q2-loop (Harvey & Harvey 1973; Nye etal.
1984; Ryutova et al. 1998; Shine & Title 2001; Thomas et al.
2002b; Weiss et al. 2004), U-loop (Zhang et al. 2003), and O-loop
(Wilson 1986). The bipolar pair corresponds to the erupted part of
an horizontally oriented flux tube below the photosphere in the
Q-loop configuration, whereas it corresponds to the downward
kink of the magnetic canopy of sunspots in the U-loop configu-
ration. The moat flow moves isolated magnetic rings from the pen-
umbral edge in the O-loop configuration.

Unipolar MMFs are less studied than bipolar MMFs. Shine &
Title (2001) show that there are two types of unipolar MMFs in
addition to bipolar MMFs (which they call type | MMFs). Uni-
polar MMFs with polarity same as the central sunspot (type II
MMFs) are shed from the edge of the sunspot and move outward
through the moat region, while unipolar MMFs with polarity op-
posite to that of the sunspot (type III MMFs) have higher speed
than others and disappear within several minutes. Thomas et al.
(2002b) and Weiss et al. (2004) propose that type [Tl MMFs cor-
respond to intersections of the submerged penumbral flux and
type Il MMFs are formed as a result of the detached penumbral
spines.

Properties of MMFs such as lifetime, location, and motion have
been studied using only longitudinal magnetograms in previous
works. Our study uses Stokes profile observations coordinated with
series of longitudinal magnetograms (§ 2). In addition to the clas-
sical MMFs described in § 1, the magnetic fields of moat region
with horizontal motion are investigated in this study. Such moat
fields are defined as another type of MMFs (§ 4). Vector magnetic
fields and motion of MMFs are described, and are compared with
penumbral magnetic fields. We estimate how much magnetic flux
is carried away from the sunspot by MMFs in terms of a decay
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Fig. 1.—Sunspotin active region NOAA 10306 on 2003 March 12. (a) Continuum intensity, (b) magnetic flux, and (c) magnetic field inclination map derived from the ASP
data. The magnetic flux map shows the quantity F = f|B| cos -y for each pixel, where f; |B|, and +y are the filling factor, the field strength, and the inclination, respectively. White
(black) is for positive (negative) polarity in the magnetic flux map. The dashed line represents the outer boundary of the penumbra. The dash-dotted line represents the position
of 15” radial distance from the penumbral outer boundary. The position angle, which is measured counterclockwise around the azimuth center (cross in panel a) of the sunspot
from the solar west, is used to produce Figs. 4 and 8. The solid boxes show the isolated MMFs. The dotted box indicates the field of view for Fig. 5. The degree of polarization is
less than 0.4% for the hatched areas with oblique lines in panel c. Panel d shows horizontal velocity map derived from the MDI magnetograms in the high-resolution mode with
the local cross-correlation technique. White areas represent invalid MDI data areas, which have magnetic flux less than 10 G or maximum correlation coefficients smaller than
0.9. Positions are given with respect to the center of the solar disk. [See the electronic edition of the Journal for a color version of this figure.]

rate of the sunspot in § 5. Finally, we discuss their association
with penumbral magnetic and velocity structures and importance
of MMFs in the decaying process of sunspots in § 6.

2. OBSERVATIONS

We carried out observations of a well-developed sunspot in ac-
tive region NOAA 10306 with the Advanced Stokes Polarimeter
(ASP; Elmore et al. 1992), the Michelson Doppler Imager (MDI;
Scherrer et al. 1995) on board the Solar and Heliospheric Obser-
vatory (SOHO; Domingo et al. 1995), and the Transition Region
and Coronal Explorer (TRACE; Handy et al. 1999) during 2003
March 11-17. The ASP data set taken with good seeing condi-
tions in 17:13—17:35 UT on 2003 March 12 was examined in
detail (see Fig. 1). The sunspot was located near the disk center
(N6°, E10°) and was rather simple in circular shape. The sunspot
gradually divided into two spots after March 13, evolving into more
complicated structure.

The ASP is a spectropolarimeter measuring the full polarization
state (Stokes 7, Q, U, V') of the Zeeman sensitive Fe 1 16301.5 and
Fe116302.5 lines with a typical signal/noise ratio (S/N) ~ 1000
(Lites et al. 1993). The instrument is installed as one of the focal
plane instruments of the Richard B. Dunn Solar Telescope (DST)
of the National Solar Observatory at Sacramento Peak, New
Mexico, in the United States. The spectral resolution was 25 mA
at 6302 A, and the CCD pixel sampling was 12 mA. The slit scan-
ning step size was 0.525”, and integration time per one slit po-
sition was about 4 s. The mapping to cover the sunspot required

20 minutes. The spatial resolution was about 1”-3", depending
on the atmospheric seeing, although the pixel size is 0.37".

MDI provided longitudinal magnetograms in high-resolution
mode with 1 minute cadence during the ASP observing period on
12 March. The field of view was 640" x 320" with pixel sampling
of 0.625”. The MDI magnetograms were used for visually iden-
tifying classical MMFs and evaluating horizontal velocity of mov-
ing features.

TRACE mainly provided coronal images in Fe ix/x 4171 line
with high spatial resolution (~1"). The Fe ix/x 4171 lines are formed
at temperatures of about 1 MK. The field of view was 512" x 512"
with pixel size of 0”.5. The TRACE images were taken at a cadence
of about 1 minute. TRACE also obtained white light and 1600 A
images with a cadence of about 10 minutes. Coronal activities
around the sunspot are reported in the Appendix.

3. ANALYSIS
3.1. Derivation of Magnetic Field Vector

After observed Stokes profiles were corrected for instrumental
polarization, the magnetic field vector and thermodynamic param-
eters were derived from the calibrated Stokes profiles. We used a
nonlinear least-squares fitting code developed by the High Alitude
Observatory (HAO; Skumanich & Lites 1987; Lites & Skumanich
1990) to fit analytical Stokes profiles to the observed profiles.
Twelve physical values (azimuth angle, inclination angle, and
strength of the magnetic field; wavelength centers of the two Fe 1
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lines; Doppler width; damping constant; ratio of line center to
continuum opacity; slope and surface value of the source function;
filling factor [the areal percentage of each pixel occupied by mag-
netic atmosphere]; and wavelength shift of the nonpolarized pro-
file) were free parameters in the HAO code. In this study, we focus
on the inclination (), the field strength (|B|), and line of sight
Doppler velocity (vy,s). More detailed descriptions of the calibra-
tion and analysis of the ASP Stokes data can be found in Kubo et al.
(2003).

The inclination is defined in the coordinate system of the “local
frame,” in which one views the region from directly above the
solar surface. Inclinations of 0° and 180° represent magnetic fields
vertical to the solar surface, with 0° corresponding to the direction
away from the surface. When magnetic fields are parallel to the
solar surface, inclination is 90°. The 180° ambiguity in the azimuth
angle of magnetic field was resolved as follows. At first, the azi-
muth was selected such that it agreed with potential field as much
as possible. The potential field was computed using the line-of-
sight component of magnetic field as a boundary condition. Next,
we interactively examined and selected the azimuth to reduce
point-by-point discontinuities of the azimuth and the inclination
by using the AZAM software (Lites et al. 1995). Magnetic fields
diverged from pores and sunspots with positive polarity or con-
verged to them for negative polarity. The azimuth was determined
such that magnetic fields were continuous and were connected to
the plages or sunspots for the rest of the area.

The Doppler velocity was determined from the center position
of the Stokes profiles of Fe 1 16302.5 in the magnetized atmo-
sphere. The telluric lines located just besides the Zeeman-sensitive
Fe1lines were used to calibrate the absolute wavelength. The zero-
velocity in the Doppler velocity was given by averaging the center
position of the Fe 1 46302.5 line over the entire field of view. Thus,
the Doppler velocity represented the velocity relative to the mean
rotational velocity at the position of the observation. We did not cor-
rect convective blueshift, because relative velocity around the pen-
umbral outer boundary is important in this paper. Positive Doppler
velocities correspond to blueshifts.

3.2. Horizontal Velocity of Magnetic Features

Horizontal velocity of magnetic features was obtained by ap-
plying a local correlation tracking method (November & Simon
1988) to MDI magnetograms (Chae et al. 2001; Sakamoto 2004).
The two images were made by averaging five sequential MDI
longitudinal magnetograms (5 minutes) obtained at 17 : 29 and
17:39 on 2003 March 12 in order to reduce noise. The 1 o noise
for a single MDI magnetogram was typically 20 G, and it reduced
to 8.9 G for the averaged magnetogram (Scherrer et al. 1995;
Krivova & Solanki 2004). Horizontal velocities with up to
1.5 kms~! could be detected in this calculation. When a pixel of
the MDI magnetogram had magnetic flux less than 10 G, the
horizontal velocity for the pixel was not computed. When the
cross-correlation coefficient was less than 0.9, the horizontal ve-
locity for the pixel was not computed either. The apodization win-
dow was taken to be Gaussian with 4” FWHM for the computation
of the horizontal velocity.

3.3. Image Co-Alignment

To investigate the relationship between magnetic field and hor-
izontal velocity of MMFs, or to estimate the magnetic flux carried
away from the sunspot due to MMFs, it is necessary to align the
ASP and MDI data with high accuracy. Image cross-correlation
was used to match the ASP continuum image to the MDI contin-
uum image taken at the time closest to the time of the ASP ob-
servation. When the TRACE 171 A image was compared with
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the ASP and MDI data, the TRACE white light image was used
for image cross-correlation. The accuracy of co-alignment among
the ASP, MDI, and TRACE data is estimated to be 1”.

4. MAGNETIC FIELDS AND HORIZONTAL
MOTION OF MMFs

4.1. Identification of MMFs

The penumbral outer boundary of the sunspot is shown by a
dashed line in Figure 1a. This boundary corresponds to a contin-
uum intensity level (/. = 0.87) between the quiet area (I, = 1.0)
and the penumbra (I. = 0.8). A zone surrounding the penumbra
is called the moat region, which is defined to have the width of
15" in this study (Fig. la, dash-dotted line). The moat region
analyzed here corresponds to the limb-side moat region. Small
pores or spots are seen outside the moat region. The cross in Fig-
ure la is the apparent center of the sunspot, which is used as the
center of azimuth position angle.

There are numerous small magnetic features in the moat re-
gion (Fig. 10). By visually inspecting the time sequence of MDI
magnetograms, we pick up small magnetic features moving radi-
ally outward in the moat region. The selected features are marked
by solid boxes in Figure 1 and are called isolated MMFs in this
paper. They are isolated from the penumbra and the surroundings.
Magnetic features with size less than 1” in diameter are not chosen
as isolated MMFs. We identify 21 isolated MMFs with positive
polarity, which is the same as the polarity of the sunspot, and 21
isolated MMFs with negative polarity.

Most of the moat region surrounding the isolated MMFs also
have polarization signals higher than the threshold (0.4%). The
horizontal velocity map obtained from the MDI magnetograms
shows that magnetic features other than the isolated MMFs also
move outward (Fig. 1d). Such magnetic features are called non-
isolated MMFs in this paper. The nonisolated MMFs meet the
following conditions: (1) Maximum correlation coefficient when
we compute horizontal velocities with the MDI magnetograms is
larger than 0.9. (2) the magnetic flux is larger than 10 G in the
two MDI magnetograms averaged over 5 minutes. (3) The de-
gree of polarization is larger than 0.4% in the ASP data. (4) The
ASP line-of-sight magnetic flux map has polarity same as that of
the MDI magnetogram for the same position. Pixels not meeting
the fourth condition are only 2% of all the pixels. Such pixels may
be caused by the measurement errors of magnetic fields, time dif-
ference, or atmospheric seeing. When a pixel does not meet all of
the four conditions above, the pixel is called a bad pixel in this
paper. The nonisolated MMFs appear to be the same phenomena
as the magnetic “swell” discovered by Sainz Dalda & Martinez
Pillet (2005). However, our study for the first time has investigated
properties of such diffuse and ubiquitous moving moat fields by
using observations with vector magnetic fields.

4.2. Magnetic Fields of MMFs

We describe magnetic properties of the isolated and non-
isolated MMFs from the ASP observations, and they are com-
pared with penumbral magnetic fields.

4.2.1. Magnetic Fields of Nonisolated MMFs

Magnetic fields of the nonisolated MMFs are nearly horizontal
to the solar surface (y = 60°—105°), and their field strength is weak
(IB] < 1000 G) (Fig. 2a). The peak in the histogram of inclination
is shifted about 10° to positive polarity, which is same as the po-
larity of the sunspot. Sainz Dalda & Martinez Pillet (2005) have
interpreted that moving horizontal magnetic fields predominantly
pervade the moat region using MDI longitudinal magnetograms.
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Fic. 2.—Histograms of magnetic field inclination y (left) and field strength |B| (.
Filled distributions show the magnetic field strength for negative polarity. Physical

Our observation with vector magnetic field confirms their inter-
pretation. The average inclination of the nonisolated MMFs grad-
ually changes from positive to negative polarity with increasing
distance from the penumbral outer boundary (Fig. 3a), and their
average field strength fluctuates between 600 and 850 G through-
out the moat region (Fig. 3b).

4.2.2. Magnetic Fields of Isolated MMFs

Many of the isolated MMFs with negative polarity have mag-
netic fields horizontal to the solar surface (y = 90°-135°) and
weak field strength (|B| < 1000 G), as shown in Figure 2b. The
histogram of the inclination for the isolated MMFs with positive
polarity (0° < v < 90°) has a peak around 45°. The isolated MMFs
with vertical magnetic fields (0° < v < 45° and 135° < v < 180°)
have strong field strength (|B| > 1000 G). The percentage of iso-
lated MMFs with vertical magnetic fields is larger than that of non-
isolated MMFs with vertical magnetic fields. There are no isolated
MMFs with inclinations of 70°~90° probably because magnetic

165[
150

135
120}
105}
90}
75}
60}
45(

inclination [degree]

i
15
distance to penumbral edge [arcsec]

5

10 20

middle), and their relationship (right) for (a) nonisolated MMFs and (b) isolated MMFs.
parameters of the isolated MMF's are measured at the center of magnetic flux.

features can be identified as isolated MMFs only when they have
polarity opposite to the ambient magnetic fields or when they have
magnetic fields with inclinations that differ by more than about
15° from that of the ambient magnetic fields.

4.2.3. Relation between MMFs and Penumbra

High spatial-resolution continuum images show that the outer
boundary of the sunspot penumbra has narrow radial features. The
narrow radial features called spines (Lites et al. 1993) have more
vertical magnetic fields than the surroundings, and horizontal mag-
netic fields and relatively vertical fields are alternately located at
the outer boundary of the penumbra (Degenhardt & Wiehr 1991;
Title et al. 1993; Lites et al. 1993; Rimmele 1995; Stanchfield et al.
1997; Westendorp Plaza et al. 2001a, 2001b; Mathew et al. 2003).
Such penumbral magnetic field structure is called uncombed struc-
ture, fluted structure, or interlocking-comb structure. These struc-
tures are observed in our sunspot as shown by the dashed lines
in Figure 4a. The spines are up to 40° more vertical than their
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Fic. 3.—(a) Averaged variation of magnetic field inclination and (b) field strength for the nonisolated MMFs as functions of distance from the penumbral edge. The
magnetic field inclination and field strength are averaged for position angle v, of 60°—180° at each distance. The vertical bars on the curves represent the rms fluctuations of the
field inclination and field strength at different radial distances. The vertical dotted line represents the outer boundary of the moat region.
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Fig. 4.—(a) Variation of magnetic field inclination  obtained with the ASP along the penumbral outer boundary (Fig. lc, dashed line). The vertical dashed lines
correspond to spines of the penumbra. (b) Magnetic field inclination for the moat region in radial distance (d),) from the penumbral outer boundary-position angle (t/,)-plane.
The diamonds and crosses show positions of the isolated MMFs with positive and negative polarities, respectively. The hatched areas with vertical lines and oblique lines
represent the area out of the ASP field of view and the area where degree of polarization is less than 0.4%, respectively. [See the electronic edition of the Journal for a color
version of this figure.]

where magnetic fields of the spines are more vertical. These MMFs
have only positive polarity, which is the same as the polarity of the
sunspot, and there is not any isolated MMF with negative polarity
on the lines extrapolated from the spines in the zone less than about
10” from the penumbral outer boundary. Time series of the MDI
longitudinal magnetograms show that they separate from the spines
and move outward in the moat region (Fig. 5). Thus, the isolated
MMFs located on the lines extrapolated from the vertical compo-
nent of the penumbral uncombed structure correspond to the

surroundings at the penumbral outer boundary. Figure 45 shows
that the spines of the penumbra extend up to around d, = 5. The
spines for the position angle 1/, of 90°~180° are apparently more
vertical than those for the position angle v, of 0°~90°.

We find that the isolated MMFs located on the lines extrapo-
lated from the spines have more vertical magnetic fields than the
surroundings, and their magnetic fields are more vertical than those
of the spines at around the penumbral outer boundary. This ten-
dency is clearly observed for the position angle 1/, of 90°~180°,
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to take into account the alignment error (1”) between the ASP and MDI images.

type II MMFs in the classification by Shine & Title (2001).
The magnetic field structure of such MMFs is discussed in § 6.1
(see also Fig. 12).

We also find that many of the isolated MMFs located on the
lines extrapolated from the horizontal component of the penumbral
uncombed structure have nearly horizontal magnetic fields. They
have both negative and positive polarities. They are observed from
the penumbral edge throughout the outer boundary of the moat
region. Some isolated MMFs having vertical magnetic fields with
negative polarity are located on the same lines, and they are ob-
served only around the outer boundary of the moat region. One
of them around the position angle v, ~ 50° is located near the
penumbral outer boundary against the rule. The isolated MMFs
with negative polarity may be negative elements of type I (bipolar)
MMFs. We cannot identify clear bipolar structures for the isolated
MMFs with negative polarity. This is discussed in § 6.2.

4.3. Horizontal Motion of MMF's

Horizontal motions of MMFs are obtained with the local cor-
relation technique from the MDI longitudinal magnetograms. We
describe horizontal motions of MMFs and their relationship with
magnetic field properties of MMFs. We then compare horizontal
motions of the MMFs with magnetic and velocity fields of the
penumbra.

4.3.1. Horizontal Velocity of Isolated and Nonisolated MMFs

Horizontal velocity for the nonisolated MMFs is 0.45 km s~
on average, ranging from 0.1 to 1.0 km s~!, while the average hor-
izontal velocity for the isolated MMFs is 0.34 km s~!. Figure 6
shows that the percentage of isolated MMF's with high horizontal
velocity (>0.4 km s~ ) is smaller than that of the nonisolated MMFs.
The average and range of the horizontal velocity obtained here
slightly depend on the FWHM of the apodization window
(November & Simon 1988). We set this value to be 4”, so that the
horizontal velocity is similar to previous works: Brickhouse &
Labonte (1988) studied 200 MMFs in seven sunspots, giving a wide
distribution of both moat flows and MMF motions ranging from
0.1 to 1.0 km s~! with an average of about 0.5 km s~!. Recently,
Zhang et al. (2003) identified 144 bipolar MMFs in the MDI mag-
netograms at high-resolution mode, and their horizontal velocities
ranged from 0.1 to 0.9 km s~! with an average of 0.45 km s~ !.

4.3.2. Relation between Horizontal Velocity and Magnetic
Fields of MMFs

The magnetic fields of the nonisolated MMFs with high hori-
zontal velocity (v, > 0.4 kms~!) are nearly horizontal (y = 60°—

110°) and their field strength is weak (|B| < 1000 G), as shown in
Figure 7. Magnetic fields of the nonisolated MMFs with small hor-
izontal velocity (v, < 0.4 kms~!) have widely distributed inclina-
tion and field strength.

Most of the high-speed isolated MMFs (v, > 0.4 kms~!) with
negative polarity have magnetic fields with horizontal orientation
(7 = 90°-105°) and weak field strength (|B| < 700 G), while the
high-speed isolated MMF's with positive polarity have the incli-
nation of about 60° with the field strength of about 1000 G (Fig. 7b).
The isolated MMFs with vertical magnetic fields (0° < v < 45°
and 135° < v < 180°) have horizontal velocities of less than
0.4 kms™!.

4.3.3. Relation between MMFs and Penumbra

The nonisolated MMFs can be found on lines extrapolated from
both the spine and the horizontal component of the penumbral
uncombed structure (Fig. 4b). Horizontal velocities of the non-
isolated and isolated MMFs are higher on the lines extrapolated
from the horizontal component of the uncombed structure than
on lines extrapolated from the spine in general (Fig. 8b). The
MMFs with high horizontal velocity (v, > 0.4 km s~!) are lo-
cated in the zone less than about 10” from the penumbral outer
boundary. The MMFs located on the lines extrapolated from the
spine or outside the high horizontal velocity channels have slower
horizontal velocity (v, < 0.4 kms~'). Shine & Title (2001) show
that narrow regions called collar flows have outward velocities
(1 km s~!) higher than the rest (0.4-0.6 km s~') of the moat
region. The high horizontal velocity channels correspond to their
collar flows. Zhang et al. (1992) have reported that unipolar MMFs
with polarity same as the sunspot move slower than bipolar MMFs.
This result is consistent with our observations that the isolated
MMFs located on the lines extrapolated from the spines have only
polarity same as the sunspot and their horizontal velocities are
slower than those of the isolated MMFs with polarity opposite
to the sunspot in the moat region near the penumbra.

The high-speed MMFs with polarity opposite to the sunspot
correspond to the type IIl MMFs in the classification by Shine &
Title (2001). However, the high-speed MMFs also have polarity
same as the sunspot in our observations. Many of the high-speed
MMFs with polarity same as the sunspot are the nonisolated MMFs.
The high-speed MMFs with both polarities have similar magnetic
properties. Previous observations indicate that the penumbral mag-
netic fields return to below the solar surface around the outer edge
of the penumbra (Westendorp Plaza et al. 2001a, 2001b; Bellot
Rubio et al. 2004; Borrero et al. 2004, 2005). Thomas et al. (2002b)
and Weiss et al. (2004) have proposed that the type III MMFs
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Fic. 7.—Horizontal velocity vy, as a function of magnetic field inclination y (left) and field strength |B| (right) for the (@) nonisolated MMFs and () the isolated MMFs.
Physical parameters of the isolated MMFs are measured at the center of magnetic flux. The cross and triangle show the isolated MMFs with positive and negative polarities,
respectively. The horizontal velocities are averaged over the 3 x 3 pixels (1.1”) at each point.

correspond to the intersections of the returned penumbral flux at
the photospheric surface. Our observations show that the high-speed
MMFs are not only located at the intersections of the returned
penumbral flux (polarity opposite to the sunspot) but also their
surroundings (polarity same as the sunspot).

Large Doppler motions called the Evershed flow are observed
in the horizontal component of the penumbral uncombed struc-
ture by previous authors (Degenhardt & Wiehr 1991; Title et al.
1993; Lites et al. 1993; Rimmele 1995; Stanchfield et al. 1997;
Westendorp Plaza et al. 2001a, 2001b; Mathew et al. 2003; Bellot
Rubio et al. 2003, 2004). The Evershed flow is an horizontal out-
flow in the photospheric layers of the penumbra. Figure 8¢ shows
that high Doppler velocities (up to 1 km s™!) are observed in be-
tween the spines. These are line-of-sight component of the Ever-
shed flows. The average of the Doppler velocity gradually changes
from positive (blueshift) to negative (redshift) with increasing po-
sition angle. This apparent change is due to the direction of the Ever-
shed flows relative to the line-of-sight direction. We find that high
horizontal velocity channels are located on the lines extrapolated
from the Evershed channels (Fig. 84). Many authors have pro-
posed that outward motions of MMFs are driven by the Ever-
shed flows (Ryutova et al. 1998; Martinez Pillet 2002; Thomas
et al. 2002a; Schlichenmaier 2002; Zhang et al. 2003).

4.4. Comparison between Isolated and Nonisolated MMF's

Magnetic fields and motion of the isolated and nonisolated
MMFs are summarized in Table 1. We find that these properties

of MMFs depend on the location of the MMF's with respect to the
uncombed structure of the penumbra. The isolated MMFs with
vertical magnetic fields are located on the lines extrapolated from
the spines of the penumbra. These MMFs have polarity same as
the sunspot, and correspond to the type Il MMFs. The isolated
MMFs located on the lines extrapolated from the horizontal com-
ponent of the penumbral uncombed structure have nearly horizontal
magnetic fields. These MMFs have both polarities. Their horizontal
velocity is higher than the surroundings in the zone between pen-
umbral edge and the middle of the moat region. Such high-speed
MMFs are located on the lines extrapolated from the Evershed
channels. The high-speed MMFs with polarity opposite to the sun-
spot correspond to the type IIl MMFs. Some isolated MMFs having
vertical magnetic fields with polarity opposite to the sunspot are
located on the lines extrapolated from the horizontal component of
the penumbral uncombed structure. They are only located in the
outer area of the moat region.

The nonisolated MMF's have nearly horizontal magnetic fields.
They tend to have polarity same as the sunspot in the inner and
middle of the moat region, while they have polarity opposite to
the sunspot in the outer area of the moat region. They have high
horizontal velocities on the lines extrapolated from the Evershed
channels.

The isolated MMF's with vertical magnetic fields are clearly dis-
tinguished from the nonisolated MMFs, while the properties of the
isolated MMFs with horizontal magnetic fields are similar to those
of the nonisolated MMFs. Thus, the isolated MMF's with horizontal
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FiG. 8.—(a) Variation of horizontal velocity v, obtained with the local correlation technique for the MDI line-of-sight magnetic signal along the penumbral outer boundary.
The vertical dashed-lines correspond to spines of the penumbra. (b) Horizontal velocity for the moat region in the radial distance (d,,) from the penumbral outer boundary-
position angle (1/,)-plane. The triangles and diamonds show positions of the positive-polarity isolated MMFs with high horizontal velocity (v, > 0.4 km s71) and small
horizontal velocity (v, < 0.4 km s~"), respectively. The plus and cross symbols show positions of the negative-polarity isolated MMFs with high horizontal velocity (v, >
0.4 km s~ ") and small horizontal velocity (v, < 0.4 km s~ '), respectively. The hatched areas with vertical lines represent areas out of the ASP field of view. The hatched areas
with oblique lines represent invalid MDI data areas, which have magnetic flux less than 10 G or the maximum correlation coefficient less than 0.9. (¢) Same as panel a for
Doppler velocity v, obtained with the ASP Stokes profiles. (¢) Same as panel b for the unsigned Doppler velocity. The contours represent the horizontal velocity of 0.7 kms ™.
The hatched areas with oblique lines represent areas where degree of polarization is less than 0.4%. [See the electronic edition of the Journal for a color version of this figure.]

TABLE 1
COMPARISON BETWEEN ISOLATED AND NoNISOLATED MMFs

Penumbral Field Evershed Flow Polarity to Sunspot Inclination Horizontal Velocity Location in Moat

Isolated MMFs

Vertical ......ccccoevvvnennne No Same Vertical Low Middle—outer

Horizontal................... Yes Both Horizontal High Inner—middle
Yes Both Horizontal Low Middle—outer
Yes Opposite Vertical Low Outer

Nonisolated MMFs

Horizontal................... Yes Inner: same/outer: opposite Horizontl High Inner—middle
No Inner: same/outer: opposite Horizontal Low Middle—outer
Veritical ........ccoovevneene. No Inner: same/outer: opposite Horizontal Low Middle—outer
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Fi6. 9.—(a) Percentage of pixels with positive and negative polarities obtained with the ASP as functions of distance (d,,) from the penumbral outer boundary. (b) Percentage
of bad pixels. Both are for the position angle ¢, of 60°—180°. The vertical axis represents the normalized number of pixels. The black and gray solid lines in panel a represent
pixels with positive and negative polarities, respectively. The black and gray dash-dotted lines represent pixels having vertical magnetic fields with positive («) and negative

(135° < v < 180°) polarities, respectively. See § 4.1 for the bad pixels.

magnetic fields appear to be subset of the nonisolated MMFs, and
have magnetic fields slightly inclined with respect to magnetic
fields of the nonisolated MMFs (see Fig. 2).

5. TRANSPORT OF MAGNETIC FLUX BY MMFs
5.1. Radial Variation in Flux Transport Rate of MMFs

In this section we obtain the variation of number, horizontal ve-
locity, and flux transport rate for all the MMFs, as well as for only
MMFs with vertical magnetic fields (0° < v < 45° and 135° <
v < 180°) as functions of distance (d,) from the penumbral outer
boundary. All the MMFs contain both the isolated and non-
isolated MMFs. The MMFs with vertical magnetic fields almost
correspond to the isolated MMFs with vertical magnetic fields
(see Table 1).

5.1.1. Number of MMFs with Positive and Negative Polarities

Figure 9a shows the percentage of pixels with positive and neg-
ative polarities for position angle v, of 60°~180° at different ra-
dial distance (d,,). The variation in the percentage of pixels is not
due to the bad pixels (see § 4.1), since the percentage of the bad
pixels is almost constant at any distance (Fig. 9b).

The area near the outer penumbral boundary (d, < 7") is oc-
cupied by MMFs with positive polarity. The percentage of the
MMFs with positive polarity decreases beyond d, = 7", while the
percentage of the MMF's with negative polarity increases. The per-
centage of MMFs with positive and negative polarities is nearly
same in the outer area of the moat region (d, = 10”-15").

The gray dash-dotted line shows that the percentage of the
negative-polarity MMFs with vertical magnetic fields (135° < v <
180°) increases from 0% to about 15% around d,, = 10"’ This cor-
responds to the location of the isolated MMFs having vertical mag-
netic fields with negative polarity (see Table 1). The percentage
of the positive-polarity MMFs with vertical magnetic fields (0° <
7 < 45°) does not increase around d, = 10" like the negative-
polarity MMFs with vertical magnetic fields. Variation in the per-
centage of the vertical positive-polarity MMFs does not coincide
with that of the vertical negative-polarity MMFs. The percentage
of the vertical positive-polarity MMFs increases just outside the
penumbral spines (d, ~ 5’"). The MMFs located there have incli-
nations of 0°—45°, while the spines have typical inclinations of
50°-70°.

5.1.2. Horizontal Velocity

Radial outward velocity gradually becomes slower with increas-
ing distance (d,,) from the outer boundary of the penumbra for both
positive (Fig. 10a, black solid line) and negative (gray solid line)
polarities. The radial outward velocity for negative polarity has a
peak around d, = 5". This corresponds to the location of high
horizontal velocity channels. The radial outward velocity for the
positive-polarity MMFs with vertical magnetic fields (black dash-
dotted line) is nearly zero within 5” from the penumbral outer
boundary. Thus, the penumbral spines, which extend up to around
d, = 5", have no apparent radial motion. The radial outward ve-
locity for the positive-polarity MMFs with vertical magnetic fields
isabout 0.2 kms~!, which is slower than other features in the moat
region outside the spines (d, = 5""-15").

5.1.3. Flux Transport Rate

We estimate the radial transport rate of MMFs for position an-
gles ¢, of 60°—180° as ®, = [1»=15( f|B] cos y)v,rd),, where
fis filling factor, |B| is field strength, + is inclination of magnetic
fields to the local vertical, v, is radial component of horizontal
velocity, and 1), is the position angle. The magnetic parameters
(|B|, f; and =) are obtained from the ASP, and the horizontal ve-
locity is obtained with the local correlation technique from the
MDI line-of-sight magnetic signal. The size of one ASP pixel
(0.37")is used for dI = rd+),. Figure 10b show that the radial trans-
port rate of the MMFs with positive polarity (black solid line)
decreases for d, = 7''—10", while the radial transport rate of the
MMFs with negative polarity (gray solid line) increases for the
same distance. This change in the radial transport rate for d, =
7"—10" is mainly due to the change in the number of positive
and negative polarities (see Fig. 9a). Most of magnetic flux with
negative polarity is carried by the MMFs with vertical magnetic
fields (gray dash-dotted line). The radial transport rate of the
positive-polarity MMFs with vertical magnetic fields (black dash-
dotted line) increases just outside the penumbral spines (d, ~ 5").

The radial transport of positive flux decreases by a factor of 10
fromd = 3"—15", while a large increase of the negative flux trans-
portoccurs atd = 7", These large variations suggest that the solid
lines of Figure 105 do not represent only the real transport of flux,
but also flux emergence and cancellation in the moat region. It is
also possible that only a small fraction of the flux considered in the
calculations is actually flowing radially outward. This would be
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Fic. 10.—(a) Variations in the radial component of horizontal velocity and (b) the radial transport rate of MMFs as functions of distance (d},) from the penumbral edge. The
horizontal velocity is obtained with the local correlation technique for the MDI line-of-sight magnetic signal, and it is averaged for position angle 1/}, of 60°—~180°, excluding the
bad pixels (see § 4.1). See the text for the method of calculating the radial transport rate. The black and gray solid lines represent pixels with positive and negative polarities,
respectively. The black and gray dash-dotted lines represent pixels having vertical magnetic fields with positive (0° < v < 45°) and negative (135° < v < 180°) polarities,

respectively. Radial outward velocity and transport are positive.

the case if the radial velocity derived from the MDI magnetograms
does not correspond to a real outward motion, but only to the prop-
agation velocity of a local fluctuation. These considerations should
be kept in mind for the rest of this section.

5.2. Comparison between Flux Transport by MMFs
and Flux Loss of Sunspots

The magnetic flux (positive polarity) of the sunspot decreases
at a rate of about (0.7-0.8) x 10> Mx day~! during March 12—
14, as shown in Figure 11. We compare this flux loss rate of the
sunspot with the flux transport rate of MMFs (Table 2).

5.2.1. Flux Transport Rate of All MMFs

MMFs separate completely from the penumbral uncombed struc-
ture around the middle of the moat region (d, = 7"). Thus, the
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Fic. 11.—Time profile of magnetic flux (positive polarity) for the sunspot in
NOAA 10306 during 2003 March 11-14. The magnetic flux is derived from the
ASP magnetic flux map. The outer edge of the sunspot is determined from the con-
tinuum intensity as explained in § 4.1. The crosses show the observed magnetic flux.
The diamonds show magnetic flux corrected for the projection effect due to the
location on the solar disk.

radial outward flux transport rate at @, = 7" corresponds to mag-
netic flux carried away from the sunspot. Most of the MMFs have
positive polarity around d, = 7". The flux transport rate of the
positive-polarity MMFs (5.0 x 10>! Mx day ') is much larger than
that of the negative-polarity MMFs (0.1 x 102! Mx day ™), and is
about 7 times larger than the flux loss rate of the sunspot. Total
magnetic flux of the sunspot is about 2 x 10?> Mx on March 12. If
MMFs carry away magnetic flux from the sunspot with the con-
stant rate of 5.0 x 102! Mx day~!, the sunspot would have com-
pletely disappeared within 4 days.

Martinez Pillet (2002) estimated that the rate of flux genera-
tion by appearance of MMF's with polarity same as the sunspots
[(3.5-5.1) x 10%° Mx day~'] was 3—8 times larger than the flux
loss rate of the sunspots [(0.6—1.44) x 10%* Mx day~'] for two ma-
ture sunspots observed with the ASP during several days. Our re-
sult is consistent with the result of Martinez Pillet (2002), although
our estimated flux transport rate [(2.3—5.0) x 102! Mx day~'] is
1 order of magnitude larger than the flux generation rate estimated
by Martinez Pillet (2002). The larger value may be due to the size
of our sunspot, whose radius is about 2—3 times larger than those
of the two sunspots studied by Martinez Pillet (2002).

5.2.2. Flux Transport Rate of MMFs with Vertical
and Horizontal Magnetic Fields

The fact that the flux transport rate of MMFs is larger than the
flux loss rate of the sunspot near the penumbra indicates that only
a limited part of the MMFs contributes to the flux loss of the sun-
spot. The flux transport rates of the positive-polarity MMFs with
vertical and horizontal magnetic fields are 3—4 times larger than
the flux loss rate of the sunspot at d,, = 7". Thus, the vertical and
horizontal MMFs can carry away sufficient magnetic flux for the
flux loss of the sunspot.

The flux transport rate of the vertical MMFs should be more
important in terms of the decay of the sunspot, because it is pos-
sible that the horizontal MMFs correspond to the propagation of
a local fluctuation of the magnetic field. The vertical positive-
polarity MMFs do not occupy all over the moat region on the lines
extrapolated from the penumbral spines. Thus, it is appropriate that
their flux transport rate is averaged over d, = 7—15" (Fig. 10b).
The averaged flux transport rate (0.9 x 10?! Mx day—!) is nearly
equal to the flux loss rate of the sunspot. If the vertical positive-
polarity MMFs alone contribute to the flux loss of the sunspot,
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TABLE 2
SumMARY oF FLux TrRANSPORT RATE oF MMFs

PosiTive? NEGATIVE®
PARAMETER Vertical Horizontal Total Vertical Horizontal tTotal
d,=7"

A1ea (%0).eveieeieeeieieierennn 15 78 93 0 7 7
D, (102! Mx day )......... 2.2 2.8 5.0 0.0 0.1 0.1
d,=12"

Area (%) 10 47 57 13 30 43
®, (102! Mx day™") 0.7 1.6 2.3 1.4 0.4 1.8
Average d,, (7"-15")

Area (%0).ecveieeiieiieieierenns 9 55 64 9 27 36
®, (10! Mx day™!)......... 0.9 1.7 2.6 0.8 0.4 1.2

Nortes.—The value d, is the distance from the penumbral outer boundary. The radial transport rate,®,, is integrated

in the entire azimuth angle (360°).
# Sunspot polarity.

the disintegration of the sunspot can be explained without
inconsistency.

6. DISCUSSION
6.1. Magnetic Correspondence between MMFs and Penumbra

We extend the definition of MMFs to cover not only the
classical MMFs (isolated MMFs) but also any moving magnetic
fields in the moat (nonisolated MMFs). We find significant mag-
netic correspondence between the isolated MMFs and the un-
combed structure of the sunspot penumbra. This correspondence
is summarized as follows (see also Table 1 and Fig. 12):

1. The magnetic fields of the isolated MMFs located on the
lines extrapolated from the spine, which is the vertical component
ofthe penumbral uncombed structure, are more vertical to the solar
surface than the surroundings. The magnetic fields of these MMFs
are more vertical than the penumbral spines. These MMF's have
polarity same as the sunspot. Their horizontal velocities are slower
than those of the other MMFs.

2. The isolated MMFs with nearly horizontal magnetic fields
are located on the lines extrapolated from the horizontal compo-
nent of the penumbral uncombed structure. They have both po-
larities. Their horizontal velocities are higher near the penumbra
on the lines extrapolated from the Evershed channels, which are
located in the horizontal component of the uncombed structure.

3. There are some isolated MMF's with vertical magnetic fields
located on the lines extrapolated from the horizontal component of
the penumbral uncombed structure. They are only located around
the outer boundary of the moat region, and have polarity opposite
to the sunspot.

The isolated MMFs located on the lines extrapolated from the
vertical component of the penumbral uncombed structure corre-
spond to the type Il MMFs. The isolated MMFs with horizontal
magnetic fields have properties similar to the nonisolated MMFs
in terms of magnetic fields and horizontal velocities. The moat re-
gion on the lines extrapolated from the horizontal component of
the uncombed structure is occupied by nonisolated and isolated
MMFs having nearly horizontal magnetic fields with both polari-
ties. Thomas et al. (2002b) and Weiss et al. (2004) have proposed
that type Il MMFs are formed as a result of the detachment of the

vertical component of the penumbral uncombed structure are de-
tached from sunspots (Fig. 125, fop panel), while type I and
type III MMFs correspond to intersections of the horizontal fields
extended from the penumbra (Fig. 125, bottom panel). Our ob-
servation on the magnetic correspondence between the isolated
MMFs and the penumbral magnetic fields, for the first time, sug-
gests that this interpretation is correct. The magnetic field struc-
tures on the lines extrapolated from the horizontal component of
the uncombed structure can be interpreted as the shape of a sea ser-
pent (Harvey & Harvey 1973; Schlichenmaier 2002). The type II
MMFs contribute to the disintegration of the sunspot. We find
their flux transport rate is about 1-3 times larger than the flux
loss rate of the sunspot. Therefore, we conclude that the type 11
MMFs alone can carry away sufficient magnetic flux, so that they
could be responsible for the decay of the sunspot.

The magnetic flux transported by all MMFs is much larger than
the flux loss rate of the sunspot. A possible way out of the problem
is that only some MMFs are actually responsible for the sunspot
decay. Indeed, it has been suggested that only type Il MMFs con-
tribute to the flux loss of sunspots, while type I (bipolar) MMFs
would not contribute because they represent the propagation of
a local perturbation of horizontal field lines (e.g., Shine & Title
2001; Martinez Pillet 2002; Thomas et al. 2002b; Weiss et al.
2004). MMFs that do not carry magnetic flux away from the spot
must appear as pairs of opposite polarities. Our observations do
not show clear bipolar MMFs, and so the number of MMF's with
positive polarity is much larger than the number of negative-
polarity MMFs near the penumbra. It may well be possible that
this excess of positive-polarity MMFs is due to bipolar MMFs
whose negative-polarity elements are not detected. This could
explain (part of ) the large imbalance between the sunspot flux loss
rate and the flux transport rate of MMFs. In the next section, we
discuss possible reasons why clear MMFs pairs are not present in
our data.

6.2. Bipolar MMFs and Unipolar MMFs

Bipolar MMFs (type | MMF ) tend to appear in positions at dark
penumbral filaments with horizontal magnetic fields (Lee 1992;
Ryutova et al. 1998; Shine & Title 2001), and the majority of MMF
pairs first appear at 2”—7" from the outer penumbral boundary



No. 1, 2007

penumbra

VECTOR MAGNETIC FIELDS OF MOVING MAGNETIC FEATURES 823

I
| moat region |

Sunspot
(positive)

(a)

e s
T T

Vertical component of penumbral uncombed structure

(b)

Fic. 12.—Schematic illustrations of the spatial distribution of (¢) MMFs with positive and negative polarities in the moat region, and () of the magnetic field
structures of MMFs and the penumbral uncombed structure. The black solid lines represent magnetic field lines whose footpoints are located on the line extrapolated
from the vertical component of the penumbral uncombed structure in top panel and magnetic field lines whose footpoints are located on the line extrapolated from the
horizontal component in bottom panel. The dotted line represents the averaged magnetic field of the nonisolated MMFs. The horizontal dash-dotted line represents the
photospheric surface. The intersections of the black solid line with the photosphere are represented by A, B, C, and D in the bottom panel.

(Zhang et al. 2003). It has been suggested that bipolar MMFs are
the intersection of a convex (Harvey & Harvey 1973; Nye et al.
1984; Ryutova et al. 1998; Shine & Title 2001; Thomas et al.
2002b) or a concave (Zhang et al. 2003) part of horizontal mag-
netic field in the moat region. However, we do not obtain clear
MMEF pairs in our data. Zhang et al. (2003) identified clear 144
MMEF pairs from about 88 hr sequence of the MDI magneto-
grams in the high-resolution mode. Martinez Pillet (2002) esti-
mated five bipolar MMFs per hour. The single ASP map covers
only about 50% of the moat region, and requires 20 minutes to be
completed. According to the rate of appearance of bipolar MMFs
in Zhang et al. (2003) and Martinez Pillet (2002), we expect to
see 144/88/3 x 0.5 = 0.3 bipolar MMFs or 5/3 x0.5 = 0.8 bi-
polar MMFs in this particular ASP map. This result is consistent
with no identification of clear bipolar MMFs in our observation.
Hagenaar & Shine (2005) also obtained only single-polarity MMFs
and did not obtain bipolar MMFs for about 2000 MMFs around
eight sunspots observed with the high-resolution mode ofthe MDI.
It is difficult to identify a pair of bipolar MMFs, especially MMFs
with horizontal magnetic fields, because of the following two
reasons.

One is that the detection of MMFs may be influenced by am-
bient magnetic fields due to the lack of spatial resolution. When a
pair of isolated MMFs is mixed with the ambient magnetic fields
of the nonisolated MMFs, as shown in Figure 13, the isolated
MMF with negative polarity, which is opposite to polarity of the
ambient magnetic fields, has smaller magnetic flux and is not de-
tectable as a result. Previous observations frequently show such
an imbalance of the magnetic flux and the size of MMF pairs
(Ryutova et al. 1998; Yurchyshyn et al. 2001; Zhang et al. 2003).
On the other hand, the isolated MMF with positive polarity may
not be distinguished from the ambient magnetic fields if magnetic
field inclination of the isolated MMF is similar to that of the am-
bient magnetic fields. In this case, only the MMF with negative

polarity is identified. When the nonisolated MMFs consist of small-
scale bipolar MMFs and ambient magnetic fields without hori-
zontal motion, the small-scale bipolar MMFs are influenced by
the ambient fields in the same way. The flux transport rate of the
horizontal positive-polarity MMFs is much larger than that of the
negative-polarity MMFs near the penumbra as a result. The same
result is obtained for U-shaped MMFs.

Another reason is that one footpoint of a MMF pair is located
in the sunspot and the other footpoint moves outward such as in-
tersections A and B in Figure 125. In this case, only the MMF
with negative polarity, which is opposite to the polarity of the sun-
spot, is observed. The isolated vertical negative-polarity MMFs
located around the outer boundary of the moat region also have a
unipolar structure. The number of the vertical negative-polarity
MMFs increases in the outer area of the moat region, while in-
crease in the number of the vertical positive-polarity MMFs is not
observed (Fig. 9a). This cannot be explained by the influence of
the ambient magnetic fields. Therefore, we propose that positive-
polarity elements associated with the vertical negative-polarity
MMFs are located in the sunspot. The origin and formation pro-
cess of the vertical negative-polarity MMFs still remain open issues.

The magnetic field structures on the lines extrapolated from
the horizontal component of the penumbral uncombed structure
would not always form the shape of clear sea serpents as shown

FiG. 13.—Horizontal MMF pair is mixed with ambient magnetic fields (gray
lines) in the moat region. The dash-dotted line represents the photospheric surface.
This illustration shows an {2-shaped MMF.
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in the bottom panel of Figure 125. Whether clear MMFs pairs are
formed depends on ambient magnetic fields around them or their
relationship to the penumbral magnetic fields.

7. CONCLUSIONS

We have obtained the magnetic properties and horizontal mo-
tions of isolated and nonisolated MMFs. The nonisolated MMFs
occupy most of the moat region surrounding the isolated MMFs,
and have nearly horizontal magnetic fields with both polarities.
The isolated MMFs with horizontal magnetic fields have similar
magnetic properties as the nonisolated MMFs.

We find that isolated MMFs have magnetic correspondence to
the uncombed structure of the sunspot penumbra. The moat region
on the lines extrapolated from the horizontal component of the
penumbral uncombed structure is occupied by horizontal isolated
MMFs and the nonisolated MMFs with both polarities. This sug-
gests that these MMFs correspond to part of horizontal field lines
extending from the penumbra and forming the shape of a sea ser-
pent. The isolated MMFs located on the lines extrapolated from
the vertical component of the penumbral uncombed structure al-
ways have magnetic fields vertical to the solar surface and polarity
same as the sunspot. This shows that these MMFs are formed when
the vertical component of the uncombed structure is detached from
the penumbra. We estimate that the magnetic flux carried away
from the sunspot by these MMFs is 1-3 times larger than flux
loss rate of the sunspot. If all MMFs carry magnetic flux away from
the sunspot, their flux transport rate is about 7 times larger than the

flux loss rate of the sunspot just outside the penumbra. We con-
clude that only the vertical isolated MMFs with polarity same as
the sunspot are responsible for the disintegration of the sunspot.

A clear relationship between the horizontal motion of MMFs
and the Evershed flows, which are located in the horizontal com-
ponent of the penumbral uncombed structure, is observed. We find
that both the isolated and nonisolated MMFs have higher hori-
zontal velocity (>0.4 km s~!) on the lines extrapolated from the
Evershed flow channels. The mechanism by which the Evershed
flows drive motion of the MMFs still remains an open issue.

In this paper we have focused on MMFs around a regular de-
caying sunspot. It is necessary for the understanding of the decay-
ing process of sunspots in general to confirm whether the magnetic
correspondence between MMFs and the penumbra is common to
other sunspots.
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APPENDIX
CORONAL ACTIVITIES AROUND THE SUNSPOT

This section describes coronal activities observed with TRACE 171 A images around the sunspot. X-ray observations have revealed
that transient coronal phenomena such as microflares (Shimizu 1994; Shimizu et al. 2002), flares ( Yurchyshyn & Wang 2001), X-ray
jets and surges (Wang et al. 1991; Shimojo et al. 1996; Canfield et al. 1996) occur preferentially around magnetic flux concentrations
located near the outer boundary of the moat region. There are reports showing that coronal transient activities occur at locations where
MMFs cancel with a flux concentration (Wang et al. 1991; Yurchyshyn & Wang 2001).

Figure 14a shows that flux concentrations with negative polarity (black regions, small spots are seen in continuum) are observed
for 4 days outside the moat region. Coronal steady bright structures (Fig. 14b, black) are always observed above the flux concen-
trations. These bright structures are called moss, which is fiducial for the footpoints of the hot loops with temperature higher than 3 MK
(Berger et al. 1999; Martens et al. 2000; Katsukawa & Tsuneta 2005). Some transient bright loops appear to connect the moss region to
the outer part of the sunspot penumbra. These loops are shorter and more inclined than the fanlike loops seen around the southwest of the
sunspot. The steady fanlike loops connect positive polarity of the sunspot with negative polarity located in the following plage region
(out of the panels). Figure 14a shows that a few elongated and enhanced spine structures are located in the moat region between the flux
concentrations and the sunspot. Clear examples are observed on March 11 and 14. These enhanced structures have more vertical mag-
netic fields than other spines (see Fig. 4a). The transient bright loops connecting the moss region and the penumbra are observed around
the enhanced spine structures. One of them is shown by a gray arrow in top panel of Figure 145.

There is no apparent bright structure associated with MMFs in the moat region. Some transient brightenings are observed around
the outer boundary of the moat region. One of these transient brightenings is shown by a black arrow in Figure 145. A pair of MMFs is
located beneath this bright structure (Fig. 15, white arrows). It is not clear when they appeared, because MDI magnetograms are
available only every 96 minutes in the non-ASP observing period. They simultaneously become larger in size from about 14:30 UT
around the outer boundary of the moat region, and then they separate from each other (Fig. 16a). The MMF with negative polarity merges
into the flux concentration located north of the MMF, while the MMF with positive polarity collides with another negative MMF located
south of the positive MMF (Fig. 16b). The positive MMF disappears with occurrence of two coronal brightenings at 22 : 19 and 22 : 49 UT
(22:19 UT frame in Figs. 15 and 16c¢). The duration of the brightenings is about 15 minutes. The brightenings are probably the result of
magnetic reconnection between magnetic field lines of the colliding opposite polarity MMFs.

An area with blueshift of about 0.3 km s~! is distributed along the outer boundary of the moat region as shown by arrows in Fig-
ure 17a. The sunspot is located near disk center and magnetic fields of the moat region are nearly horizontal to the solar surface. If we
interpret the observed blueshift to be emergence of horizontal magnetic fields, small-scale flux emergence, which cannot be resolved
in our observations, frequently occurs around the outer boundary of the moat region. Such small-scale flux emergence and magnetic
flux cancellation around the outer boundary of the moat region would drive these transient brightenings.
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FiG. 14— (a) Day-by-day changes of ASP magnetic flux and (b) TRACE 171 A coronal images (negative prints) around the sunspot in active region NOAA 10306
from March 11 to 14. White (black) is positive (negative) polarity in panel a. Coronal bright features are displayed in black in panel . The solid boxes delineate the field

of view for Figs. 15 and 17. The black line represents the outer boundary of the penumbra. See the text for arrows in the panels
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Fic. 15.—Transient brightenings associated with MMFs on March 12—13. The field of view of panels is identical to the box in Fig. 14. Coronal images are TRACE
171 A. Coronal bright features are displayed in black. Longitudinal magnetograms are obtained with the high-resolution mode of the MDI. White shows positive
polarity, and black shows negative polarity. The white arrows indicate a pair of MMFs. The dashed and dash-dotted lines represent the outer boundary of the penumbra
and the position of 15" away from the penumbral outer boundary. These lines are determined from the ASP data taken in 17:13—17:35 UT on 2003 March 12.
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Fic. 16.—Illustration for temporal changes in the pair of MMFs shown by the white arrows in Fig. 15.
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Fic. 17.—(a) Doppler velocity and (b) magnetic flux map obtained with the ASP on 2003 March 12. The field of view of the panels is identical to the box in Fig. 14. Positive
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the moat region.
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