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ABSTRACT

A large fraction of major flares occur in active regions that exhibit a ¢ config-
uration. The formation and disintegration of § configurations is very important
in understanding the evolution of photospheric magnetic fields. In this paper,
we study the relationship between the change in § spot structures and associated
major flares. We present a new observational result that part of penumbral seg-
ments in the outer § spot structure decay rapidly after major flares; meanwhile,
the neighboring umbral cores and/or inner penumbral regions become darker.
Using white-light (WL) observations from the Transition Region and Coronal
Ezplorer (TRACE), we study the short-term evolution of ¢ spots associated
with seven major flares, including six X-class flares and one M-class flare. The
rapid changes, which can be identified in the time profiles of WL mean intensity
are permanent, not transient, thus are not due to flare emission. The co-aligned
magnetic field observations obtained with the Michelson Doppler Imager (MDI)
show substantial changes in the longitudinal magnetic field associated with the
decaying penumbrae and darkened central areas. For two events, where vector
magnetograms were available, we find that the transverse field associated with
the penumbral decay areas decreased while it increased in the central darkened
regions. Both events also show an increase in the magnetic shear after the flares.
For all the events, we find that the locations of penumbral decay are related
to flare emission and are connected by prominent TRACE post-flare loops. To
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explain these observations, we propose a reconnection picture in which the two
components of a § spot become strongly connected after the flare. The penumbral
fields change from a highly inclined to a more vertical configuration which leads
to penumbral decay. The umbral core and inner penumbral region become darker
as a result of increasing longitudinal and transverse magnetic field components.

Subject headings: Sun: activity — Sun: flares — Sun: corona — Sun: magnetic
fields — sunspots

1. INTRODUCTION

The scientific term ¢ sunspot was introduced by Kiinzel (1960) and is defined as umbrae
of opposite polarity lying in a common penumbra. § spots have been known as the most active
spot configuration. For over three decades, the morphological evolution of § configurations
and their strong connection to intensive flare activity have been widely studied by many
authors (Zirin & Tanaka 1973; Tang 1983; Hagyard et al. 1984; Zirin & Liggett 1987; Zirin
1988; Tanaka 1991; Wang 1992; Tang & Wang 1993; Zirin & Wang 1993; Gaizauskas et al.
1994, 1998; Martinez Pillet et al. 1994; Schmieder et al. 1994; Shi & Wang 1994; Li et al. 1999;
Sammis et al. 2000; Liu & Zhang 2001, 2002; Kurokawa et al. 2002). Using eighteen years of
observations at Big Bear Solar Observatory (BBSO), Zirin & Liggett (1987) summarized the
development of ¢ spots and classified them in three categories, concluding that § groups are
responsible for almost all great flares. Schmieder et al. (1994) made precise measurements of
spot motions in active region AR 6659 during June 1991 to understand the fragmentation of
the main § spot group with time. They found that this fragmentation leads to a continuous
restructuring of the magnetic field pattern while rapid changes are evidenced due to fast new
flux emergence. The first process leads to sheared field lines and the second process triggers
the release of the stored free magnetic energy.

At the same time, solar physicists have been studying flare-related changes in photo-
spheric magnetic fields for nearly four decades (Severny 1964; Zvereva & Severny 1970; Moore
et al. 1984; Kosovichev & Zharkova 1999, 2001; Wang & Tang 1993; Wang et al. 1994), which
would provide crucial information as to how an active region stores and releases its energy.
However, the role of photospheric magnetic fields is still far from being fully understood and
is an area of ongoing research. Only recently have rapid and permanent changes of photo-
spheric magnetic fields been observed to be associated with large solar flares (Kosovichev
& Zharkova 2001; Spirock et al. 2002; Wang et al. 2002a,b, 2004b; Yurchyshyn et al. 2004).
These studies show that high cadence (~1 minute) and high spatial resolution (~1"-2")
magnetic field observations reveal sudden flux changes associated with X-class and M-class



flares.

Other than doing the polarization measurements of magnetograms, Deng et al. (2003)
first tried a more straightforward approach focusing on changes of the WL structure in flaring
active regions. Since most great flares are associated with a § configuration, they noticed
that an entire § spot region was undergoing rapid change when they studied the X2.3 flare
in active region AR 9026 on 2000 June 6. In particular, two penumbral segments decayed
rapidly right after the flare. Wang et al. (2004a) studied two more X-class flares, which
occurred recently in active region AR 10486 and found very similar penumbral decays. We
speculate that this phenomenon may not be restricted to specific active regions, thus, it is
only natural to look for similar signatures associated with other flares. We have initiated
a statistical study and in this paper, we present the results of our first seven events. Note
that our selection of the seven events is not entirely random, because TRACE only has a
part view of the Sun and its WL observation is not available for every flare activity. Our
preliminary result in the recent study also shows that penumbral decay is more likely to
be detected when associated with large solar flares (Chen et al. 2005). In addition to the
observational results, we propose a reconnection picture for § spots to interpret our findings.
We focus on WL difference images between post-flare and pre-flare states illustrating the
penumbral decay and darkening of neighboring umbral cores and inner penumbral region,
which will subsequently be related to flare energetics. The evolution of § spots that we are
presenting is an impulsive change, which is closely related to major flares. Therefore, it is
quite different when compared to the studies of long-term evolution of § spots.

We introduce the data used in this study in §2 and subsequently describe the penumbral
decay associated with each event in §3. For the X10 flare on 2003 October 29 and X5.3 flare
on 2001 August 25, we give a more detailed analysis using vector magnetograms. In §4,
we summarize all our findings and propose a Sweet-Parker type (Sweet 1958; Parker 1963)
reconnection picture for d spots based on the observational results.

2. OBSERVATIONS AND DATA PROCESSING

The key data that we are presenting are TRACE (Handy et al. 1999) 5000 A WL
images. Other data include TRACE Feix/x 171 A and Fexu/xx1v 195 A images, full
disk magnetograms by MDI (Scherrer et al. 1995) on board the Solar and Heliospheric
Observatory (SOHO, Domingo et al. 1995), vector magnetograms obtained at Marshall Space
Flight Center (MSFC) and BBSO, and hard X-ray time profiles and images of the Reuven
Ramaty High Energy Solar Spectroscopic Imager (RHESSI, Lin et al. 2002).
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We used standard TRACE calibration procedures to process the TRACFE data. Since
SOHOQO has very strict pointing requirements to support its helioseismology experiments,
we further aligned TRACE WL images with respect to SOHO/MDI intensitygrams. We
then identified the penumbral decay associated with each event by carefully examining the
morphological evolution of the flare active region. First, one WL image near the peak time of
the flare was chosen, and WL images from well before to well after the flare were differentially
rotated to that time using standard procedures in SolarSoft (SSW, Freeland & Handy 1998).
Then, we made movies using the co-aligned WL images and were able to unambiguously trace
the evolution of major spots. Meanwhile, SOHO /MDI offers high temporal resolution (1 min)
full-disk magnetogram data with ~4" spatial resolution. Combined with the corresponding
TRACE WL images with 1" spatial resolution and typical temporal resolution of 1.5-2.5
minutes, we can easily identify the magnetic polarity and position of a spot, and calculate
the time profiles of intensity and magnetic flux of a specific region. TRACE also provides
unprecedented observations of the outer solar atmosphere. Thus enabling us to observe a
corona that is extremely dynamic and full of flows and wave phenomena. The rapidly evolving
loops generally outline the coronal magnetic field. Therefore, we tried to use coronal images
in TRACE 171 A and 195 A to study any change in the coronal environment between post-
flare and pre-flare states. We understand that direct evidence for magnetic reconnection in
flares may be difficult to find, despite the fact that it is thought to be the primary process
behind flares. But since the reconnection appears to be (largely) completed by the time
the post-flare loop system are detected by TRACE (Schrijver et al. 1999), we carefully
searched for any obvious changes, especially for newly formed loops. We then can deduce
a complete picture of the flare combined with our observational results in photosphere and
chromosphere.

For the 2003 October 29 event, we used MSFC vector magnetograph data. The mag-
netograph is a filter-based instrument employing a tunable Zeiss birefringent filter with a
0.125 A bandpass and an electro-optical modulator to obtain integrated Stokes profiles in
the Fe1 5250 A absorption line. The field-of-view (FOV) of the instrument is 7/ x 5 and
the spatial resolution is 1.28" per pixel. For the 2001 August 25 event, we used data from
BBSO’s digital magnetograph (DVMG) system, which typically covers an area of about 5
x 5 with ~0.6"” pixel resolution. The BBSO data reduction procedure is discussed in detail
by Wang et al. (2002b).

To show the temporal evolution of the flares and understand the relationship between
the rapid changes of magnetic fields and energy release sites, we use hard X-ray time profiles
and images from RHESSI for the three events that occurred in 2003. Among the other four
events, two have complete hard X-ray coverage by the Yohkoh Hard X-ray Telescope (HXT)
and have been studied in detail by other authors.
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3. RESULTS

For each event, we started with an analysis of the difference image (post-flare minus
pre-flare state) in TRACE WL, which was smoothed by a window of 10” x 10" in order
to magnify the morphological changes by smoothing out the background pattern caused by
granulation and five minute oscillation. Any bright feature in the difference image indicates
a brightening in the post-flare image, e.g., an area of decayed penumbra that fades into the
granular background, whereas any dark feature corresponds to a darkening in the post-flare
image, e.g., the darkening of either an umbral core or an inner penumbral area. With the
aid of difference images, we can identify and trace the decaying and darkening regions in
the time-lapse WL movies. Please note that the difference image sometimes may be affected
by proper motions of features. Therefore, we ultimately rely on the time-lapse movies to
pin down the exact location of the decaying (labeled “D” in figures) and darkening regions
(labeled “E” in figures). Then we made time profiles of mean intensity for both the decaying
and darkening areas. The mean intensity is defined as the average intensity of a certain area
outlined by a box normalized to the photospheric intensity outside the sunspot in a quiet
Sun region. We also studied the evolution of the line-of-sight magnetic fields associated
with these regions by first creating movies using the corresponding MDI 1-minute cadence
data and subsequently integrating the magnetic flux within each box. To link the temporal
evolution of the flare, we further superimposed the hard X-ray time profile or the derivative
of the soft X-ray lightcurve onto the time profiles of the magnetic flux change.

Table 1 lists the seven flare events that were analyzed. For each of them, we located two
penumbral decay regions and one central darkening region. Note that Deng et al. (2003) and
Wang et al. (2004a) have discussed event No. 1 and events No. 1, 5, and 6, respectively. Here
we extend these studies and include other events to assemble a unified picture of penumbral
decay. In addition to some general information about each event, we provide in Table 1, the
mean intensity changes Alp o for the decaying areas D1 and D2 and Al for the central
darkening region E, the amount of magnetic flux change AFp; o in the penumbral decay areas
D1 and D2, and the magnetic flux changes AFg _ for positive and negative polarities of the
central darkening region E. We only present time profiles of mean intensity and magnetic
flux for the 2003 October 29 event (Figure 2) and summarize the results of the other events
in Table 1. First, we will present the three events which occurred in active region AR 10486
before discussing the remaining four events. Note that in all figures, we corrected image
shift due to solar rotation. TRACE 1600 A and EUV intensities are presented as negatives
in order to optimize the visibility of flare structure.
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3.1. Detailed Study of the 2003 October 29 X10 Event

This X10 event was well-covered by many space and ground-based instruments. Along
with other great flares in the active region AR 10486, it is being extensively scrutinized
by the solar physics and space science community. Wang et al. (2004a) first reported the
decayed penumbra associated with this event and the X17 event of 2003 October 28. After
careful data alignment, we find another penumbral decay area for each of the events. Figure 1
compares the morphology between post-flare and pre-flare states in both TRACE WL and
195 A for this X10 event. From the WL difference image shown in Figure 1(c), we identify
two penumbral decay areas D1 and D2 and the darkening central region E. Figure 1(d) shows
the WL image at flare maximum with superimposed RHESSI hard X-ray contours in the
50-100 keV channel obtained during the peak of the flare. It can be clearly seen that the two
penumbral decay regions are co-spatial with two flare kernels in WL and hard X-rays. We
noticed that the much stronger eastern flare kernel is near the very prominent penumbral
decay area D1, while the weaker western kernel is near the less prominent area D2. Note
that the positions of hard X-ray footpoints in Figure 1 are a snapshot at the flare peak time.
The footpoint motions during the flare was studied in detail by Krucker et al. (2005). The
two frames of TRACE 195 A images, although with different exposure times, show that after
the flare, strong post-flare loops newly formed within the ¢ spot region, which is outlined
by the large box in Figure 1(e, f). In Figure 2, we analyzed the intensity and magnetic
evolution of these areas. The error bars in the top panel are standard deviation determined
for TRACE WL images by calculating the fluctuation in the time profile of mean intensity in
a quiet Sun region. An intensity of 1.0 represents the quiet Sun intensity. Thus, a large value
represents a smaller and /or lighter sunspot in the area. For the areas D1 and D2, it is obvious
that their mean intensity increases very rapidly (6.3% and 4.6%, within ~30 minutes) after
the flare, representing the rapid penumbral decay in these two regions. We monitor this
change even longer after the flare (~10 hrs) and find that the decaying penumbrae remain
un-restored. With similar results for other events that will be discussed later, this means
that the penumbral decay is not only rapid, but permanent, compared to the time scale of
the flare itself. Moreover, the mean intensity for the central region E1 decreased rapidly and
permanently by 3.1% after the flare, indicating the feature is becoming darker. After a close
inspection of the time-lapse movie, we find that these darkening features actually include
two kinds: one is the neighboring umbral core, another is the inner penumbra. However, in
some events, only the inner penumbral region becomes darker after the flare. Figure 2 also
shows substantial changes of longitudinal magnetic fields associated with the decaying and
darkening areas. These changes are well related to the flare.

In Figure 3, we compare the MSFC vector magnetograms before and after the flare.
The decrease in transverse field strength associated with the cusp-like penumbral decay area



-7 -

D1 and the increase in the central region across the magnetic neutral line is obvious. In
Figure 4, we further align the MSFC data with the TRACFE pointing presented in Figure 1.
We find that the mean transverse field strength within areas D1 and D2 decreased by 173
G and 56 G, respectively, and increased by 97 G in area E. For the small region across the
magnetic neutral line (indicated by two white brackets in the panels e and f), the weighted
mean magnetic shear angle increased by 10° after the flare (see also Figure 3 lower panels).
This shear angle is defined as the angular difference between the potential and the measured
transverse fields, weighted by the measured transverse field strength. The mean inclination
angle has no substantial change within area D2, but increases by 12° within area D1. As we
will discuss later, the study of vector magnetograms of 2001 August 25 event reveals similar
results.

3.2. Other Events
3.2.1. 2003 November 2 X8.3 Event

This flare occurred when active region AR 10486 approached the west limb (S14, W56).
Although the morphology of the whole region has changed dramatically, the flare is still
related to the 0 configuration in the eastern part of the whole sunspot group, which is
identical to the location of the X10 flare on 2003 October 29. The difference image in
Figure 5 shows two penumbral decay areas D1 and D2 and the central darkening region E,
which is predominantly in the form of penumbra. TRACE WL images have a data gap
between 17:11 UT and 17:39 UT, thus missed the flare peak around 17:25 UT. By examining
the time-lapse movie, we find that right before the data gap, there were discernible WL
flare kernels, which begin to glow. In Figure 5(d), a little black box is drawn around a WL
flare kernel which is found to move across the penumbral decay area D1. The superimposed
RHESSI hard X-ray contours are also associated with the penumbral decay areas. Similar
to the 2003 October 29 event, the stronger northern hard X-ray kernel is associated with
the stronger penumbral decay area D1. The images in TRACE 195 A show the evolution of
the coronal loops, which we can observe more clearly for this near-limb event. We find that
early in the event (Figure 5e), loops were linking the northern spot to the area outside of
the entire active region. After the reconnection (Figure 5f), new loops formed within the ¢
spot region connecting the northern and southern spots.
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3.2.2. 2003 October 28 X17 Event

Although the cadence of TRACE WL images is low (~1 hr) for this flare, we are still
able to find the decaying penumbra by comparing two WL images, one before the flare
(Figure 6a) and another well after the peak (Figure 6b). The difference image (Figure 6c¢)
shows a strong penumbral decay area D1, while the decaying area D2 is not that obvious.
The darkening region E includes both the umbral core and inner penumbral regions. Since
the WL image at flare maximum is not available, we present a TRACE 1600 A image
instead in Figure 6(d) and superimpose RHESSI hard X-ray contours in the 50-100 keV
range. Obviously, penumbral decay area D1 is related to a section of one of the two TRACE
1600 A flare ribbons, while the less obvious penumbral decay area D2 is near one of the two
hard X-ray sources but does not coincide with it. TRACE 195 A images show a dramatic
evolution of post-flare loops (Figure 6f) over the ¢ configuration region that is related to the
flare.

3.2.3.  Re-Evaluation of the 2000 June 6 X2.3 Event

Deng et al. (2003) discussed this event in detail and found two penumbral areas that very
obviously decayed right after the flare. Since this event is associated with filament eruption,
they tried to interpret the penumbral decay phenomenon in the context of the magnetic
breakout model (Antiochos et al. 1999) for CMEs and eruptive flares. The difference image
clearly showing the decaying and darkening regions was later presented by Wang et al.
(2004a). By carefully examining the evolution in TRACE EUV images, we find that the
morphology of the coronal loops is substantially different between post-flare and pre-flare
states, and reconnection shown as orientation changes of coronal loops is very similar to the
other six events in this study. Thus, this event also fits into our unified picture that is different
from the breakout scenario and will be discussed in the next section. Figure 7(a) shows the
pre-flare state of the complicated active region AR 9026, which has a § configuration. Two
northern spots have positive magnetic polarity, two southern spots negative. Figure 7(f)
shows post-flare loops that clearly connect the two sunspot regions on both sides of the
neutral line and this connection extends to the penumbral decay regions D1 and D2, which
are quite different from pre-flare state shown in Figure 7(e). The WL image near flare
maximum is presented in Figure 7(d), in which two WL flare kernels (as indicated by two
arrows) are discernible. These two WL kernels are later found to separate, sweeping through
the two penumbral decay areas D1 and D2. Unfortunately, there were no hard X-ray images
available for this event.

Recent work reveals very similar penumbral decays associated with an X1.2 flare on
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2000 June 7 in this active region (Chen et al. 2005). In contrast to these impulsive changes,
Kurokawa et al. (2002) constructed a realistic model of a strongly twisted flux rope to explain
the drastic evolution of this flare-productive active region in about five days. In particular,
they reported the catastrophic decay of the central § spot region from 10:00 UT of June 6 to
16:00 UT of June 7. Thus it is very meaningful to combine impulsive change and long-term
evolution of ¢ configurations in the next study (e.g., Wang et al. 2005).

3.2.4. 2001 April 6 X5.6 and April 9 M7.9 Events

These two flares occurred in the same active region (AR 9415) and were associated with
the same  spot. TRACE WL observations covered both flares, with a short temporal data
gap during the flare maximum. The difference images for both events (Figure 8c and 9c¢) show
a similar ring-like structure: bright in the outer edge of the § spot, indicating penumbral
decay and dark in the center, indicating the darkening umbral core and inner penumbra.
Furthermore, the evolution in TRACE 171 A images for both events clearly shows that after
the flare, strong loops exist within the § configuration so that the two spots constituting
the 0 spot become strongly connected. Compared with the post-flare state, this kind of
connection is hardly seen in the pre-flare images. By studying Yohkoh Soft X-ray Telescope
(SXT) images, Yurchyshyn (2003) also reported this obvious connectivity change for the
2001 April 9 event. As shown in Figure 8(d) and 9(d), flare ribbons in TRACE 1600 A were
associated with the penumbral decay areas for both events. Yohkoh HXT observations were
available for the April 6 event and were presented by Qiu et al. (2004). They recognized
three flare kernels in the HXT H channel (53-93 keV) and all three kernels were found inside
the sunspot umbrae in the active region. The strongest of these flare kernels is located near
the central darkening area E in our result.

3.2.5. 2001 August 25 X5.3 Fvent

This WL flare was discussed in detail by Metcalf et al. (2003), in which they found
three flare kernels in the HXT M2 channel (33-53 keV). Two of the flare kernels are near
the penumbral decay area D1 shown in Figure 10. Using BBSO data, Wang et al. (2002b)
studied photospheric magnetic field changes associated with this flare and concentrated on
the central region along the neutral line that is near the darkening area E in our study. As
they pointed out, the central darkening region is predominantly in the form of penumbra.
Besides this, the difference image in our study clearly shows two penumbral decay areas D1
and D2 in the outer § spot structure. We re-examined the BBSO vector magnetogram data
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and find that the mean transverse field strength within the penumbral decay areas D1 and
D2 decreased by 21+10 G and 36+6 @G, respectively, and increased by 113421 G in the
central darkening area E. Although the changes of transverse field associated with the areas
D1 and D2 are on the order of the sensitivity of the BBSO DVMG system, we find that it is
nonetheless statistically meaningful by plotting their time profiles. Moreover, the weighted
mean magnetic shear angle within area E rapidly increased by 10° after the flare. Note that
in Figure 10(a), the magnetic abnormality near area D1 (and some other locations as well)
is due to very inclined magnetic field lines and effect of projection. The time profile of MDI
magnetograms shows that after the flare, the negative polarity within the area D1 increased
while the positive decreased. Taking into account the decreasing transverse field, we deduce
that the mean inclination angle within the area D1 becomes larger, i.e., the magnetic field
turns more vertical. However, we do not find a significant change of the inclination angle
within the area D2. Figure 10(d) shows the TRACE WL image near flare maximum. We
find that the two WL flare ribbons separate and sweep through the two penumbral decay
regions. Again, the evolution in TRACE 171 A images shows similar magnetic structures
that connected the two spots after the flare.

4. SUMMARY AND DISCUSSION

We have presented observations of rapid structural changes within seven § spots, each
associated with a major flare, by monitoring the evolution in TRACE WL. Our major
findings are:

1. The time-lapse movies show that for each event, the § spot appears to have “shrunk”
after the major flare. Accordingly, we find that part of the penumbral segments in the outer
d structure decayed and the neighboring umbral core and/or inner penumbral region near
the magnetic neutral line darkened. We did not find such short-term changes to the § spot
when there was no major flare.

In contrast to previous studies of long-term evolution covering time periods of hours to
days, the changes of the § spot structure presented in this study are rapid and well associated
with major flares. The difference images for all the seven events show a very similar pattern
with a bright (decaying) region outside and a darkening in the center. Thus, we argue that
the changes observed by us and others are real.

2. The increasing mean intensity in the penumbral decay areas and decreasing intensity
of darkening regions are ~2-7% above the quiet Sun photospheric intensity. These changes
are coincident with the impulsive hard X-ray emissions of the related major flares. More
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importantly, these changes are permanent, not transient. Figure 11 shows the scatter plot of
the average intensity change of penumbral decay against GOES X-ray flux, from which we
can clearly see the trend that the larger the flare size, the stronger the penumbral decay is.
We will further investigate this point with more statistical significance (Chen et al. 2005).

The decayed and darkened features are best seen in the time-lapse TRACFE WL movies.
The calculation of the mean intensity of these regions also show a clear increase or decrease,
which coincide with the peak in the hard X-ray emission. A natural explanation of penumbral
decay is that it could be associated with heating of the lower atmosphere due to the flare.
However, we argue against such an explanation mainly because that the decayed penumbra
is not restored even several hours after each event (Wang et al. 2004a).

3. The locations of the penumbral decay are associated with flare emissions, albeit with
distinct differences for each event. WL flare kernels or ribbons are coincident with or sweep
through the penumbral decay regions in the events 1, 4, 6, and 7. WL observations at flare
maximum were not available for the events 2 and 3, however, the decay regions in these two
events are all near TRACE 1600 A flare ribbons. RHESSI hard X-ray sources are associated
with both penumbral decay regions in events 6 and 7. One of the decay regions in event 5 is
near the hard X-ray source, while another is related to one of the two TRACE 1600 A flare
ribbons.

4. The post-flare loops observed in TRACE EUV wavelengths “predominate” the ¢
spot, suggesting that the two components of the § spot become strongly connected after
reconnection.

The nature of post-flare loops in dynamic flares has been an interesting subject for quite
a long time. The classical CSHKP model (Carmichael 1964; Sturrock 1966; Hirayama 1974;
Kopp & Pneuman 1976) interprets the post-flare loop systems as a result of the reconnection
of magnetic field lines torn open by the flare event. According to this model, the magnetic
configuration of the corona overlying the flare site contains many closed loops prior to the
flare and this original configuration is restored through the reconnection after the flare.
However, this can hardly explain the changes of photospheric features observed by us. In
our picture that will be presented next, the magnetic field geometry is altered drastically
after the flare, which we believe leads to the penumbral decay and central region darkening.

5. Vector magnetogram analysis of the 2003 October 29 and 2001 August 25 events
both show that the transverse magnetic field decreases in the penumbral decay area while
it increases in the central darkening region, which directly support our observational results
of decayed and darkened penumbrae. Remarkably, the magnetic shear in both events shows
an increase by 10° after the flares.
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6. The longitudinal magnetic fields associated with the decaying and darkening regions
also exhibit substantial changes after the flares.

We further elaborate the interpretation proposed by Wang et al. (2004a) that the penum-
bral decay is due to changes in magnetic topology in the following way: the magnetic fields
become more vertical after the flare and the umbrae become darker as a result of an en-
hancement of the longitudinal magnetic field. For the six events in our study, we use high-
resolution, high-cadence line-of-sight magnetograms from MDI and for the 2001 August 25
event, we use BBSO magnetograms. For each event, we located two penumbral decay regions,
which are in opposing magnetic fields and one central darkened region near the magnetic
neutral line. We further calculated the changes of magnetic flux associated with the decaying
and darkening regions. From the results listed in Table 1, we can see that seven penumbral
decay regions have a decreased longitudinal magnetic flux after the flare. We believe this
is because that the penumbral field turned more vertical and merged with the umbral field.
For the other five penumbral decay regions with increasing longitudinal magnetic flux, we
speculate that the penumbral field turned more vertical but did not become sufficiently ver-
tical to darken and become part of the umbral field. For the central darkening regions, the
change of longitudinal magnetic flux is not conclusive. Since the central darkening regions
usually include the sunspot umbra, we recognize the limitation of filter-based magnetograph
systems, which are not well suited for measurements of strong magnetic fields because of
Zeeman saturation. Therefore, our conclusions are mainly based on WL observations.

Based on the analysis of the seven events in our study, we therefore put forward a unified
reconnection picture for the § configuration and present a simplified cartoon for this picture
in Figure 12. The grey and black lines stand for penumbral and umbral fields, respectively.
Thus, we make the following three major points:

I. In the pre-flare configuration, a ¢ sunspot is the joint of two separate magnetic flux
systems. Strong electric current may exist there due to the high field strength and large
magnetic gradient.

I1. The two spots become strongly connected after the flare, leading the penumbral fields
to change from highly inclined in the pre-flare state to a more vertical configuration after
the flare. This accounts for the penumbral decay.

III. The umbra becomes darker as a result of an enhanced longitudinal magnetic field.
The strong connection between the two spots also leads to a substantial increase in the
transverse field in the central § spot region, which can explain the darkening of the inner
penumbra. In events 4 and 6, where vector magnetogram data were available, we do find
such an enhancement of transverse fields after the flares.
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Note that (1) the pre-flare state in our picture is a simplified condition, because the two
components of a § spot may already have extra connection in the coronal that can support
filament. But in either case, the TRACE EUV post-flare images of all seven events clearly
show that the direct connection between the two spots becomes much stronger after the flare.
For the 2000 June 6 event, the associated filament may erupt outward first enabling the field
lines of the two spots to connect. (2) Other modifications can be applied to this picture.
For example, the strong connection between the two components of the § spot may result
in the emergence of highly twisted flux tubes from beneath the surface, because relaxation
of the surface makes flux emergence easier. This can add to the darkening of the central §
spot region and explain the increase of magnetic shear after the flare. Thus our picture, with
some appropriate adjustments, could be another explanation of the finding of rapid change
of magnetic fields associated with six X-class flares (Wang et al. 2002b). Two events among
them have been studied in this paper. (3) Although points IT and III are mainly based on
two events where vector magnetograms were available, the unified picture can explain all the
other events that exhibit similar changes in morphology.

Observations also indicate that penumbral decay tends to recur in some active regions.
Events 5, 6, and 7 occurring from 2003 October 28 to November 2 in AR 10486 all exhibit
penumbral decay with similar properties. Events 2 and 3 on 2001 April 6 and 9 show
another group of penumbral decay occurring at the same ¢ configuration in AR 9415. Recent
work reveals that penumbral decay is also associated with an X1.2 flare on 2000 June 7 in
active region AR 9026 (same as event 1 in our study) and the decaying and darkening areas
are almost identical (Chen et al. 2005). Furthermore, we have found more active regions
that are associated with flare-related penumbral decay while some of them do not have a
0 configuration, thus may not fit into our current picture. Extended studies will be made
to statistically investigate the relationship between penumbral decay and solar flares (Chen
et al. 2005), comparing the observation with photospheric magnetic field extrapolation, and
evaluate the consistency of our picture with CMEs.
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excellent data sets. We are grateful to the referee for valuable remarks and suggestions that
resulted in improvement of the paper. CL also thanks Dr. J. Qiu for reading the entire
draft and giving many helpful comments, Dr. V. Yurchyshyn for instructive discussions on
interpreting the observations, and Y. Xu for help on preparing the BBSO magnetograms.
This work is supported by NASA under grants NAG5-13661 and NNGO0-4GG21G and by
NSF under grants ATM-0313591 and ATM-0236945.



— 14 —

Table 1. PENUMBRAL DECAY EVENTS

Event Starting Peak GOES Location AIDI,Q AIE A‘FD1,2| A|FE+,_ |

No. Date (UT) (UT) AR Level (deg) (%) (%) (1019 Mx) (1019 Mx)
I 2000 Jun 6 1458 1525 9026  X2.3 N33, E25 4.1 3.7 -53 -22410 ~02 4.542 1547
V- 2001 Apr 6 1910 1921 9415  X5.6 S20,E31 4.6 34 -7.9 1047 -1648 ~0? ~0?
3. 2001 Apr 9 1520 1534 9415  M7.9  S21, W04 1.3 32 -3.1 ~02  -9.0+4 ~02 1743
4u..... 2001 Aug 25 1623 1645 9591  X5.3 S17,E34 6.6 52 -7.5  3.541  -174£3  -9.6£2 8.542
S 2003 Oct 28 0951 1110 10486 X17 S18,E20 6.1 6.2 -54  -9.047  6.9£2  -11%7 ~0?
6...... 2003 Oct 29 2037 2049 10486 X10 S15, W02 6.3 4.6 -3.1 5544  -7.7£2 4947  -1447
[ 2003 Nov 2 1703 1725 10486  X8.3  S14, W56 5.4 50 -53  -2543  3.640.8 -13+3 1343

aNo reliable change is observed, either because the change is small or buried in the long term evolution of magnetic field.

Note. — The results of changes of WL intensity (AI) and magnetic flux (AF) are obtained by taking the difference between the average
values of intensity /flux within 1-2 hours in the pre-flare and post-flare states. The 1 ¢ statistical error for WL intensity is ~0.5%, determined
by calculating the fluctuation in the time profile of mean intensity in a quiet Sun region. Since MDI data have a noise level of no more than
20 G (Scherrer et al. 1995; Hagenaar 2001), we take (20 G x Area) as a largest error to the magnetic flux.



— 15 —

Fig. 1.— Comparison of pre-flare (a, e) and post-flare (b, f) states for the X10 flare on
2003 October 29. (a, b) and (e, f) are TRACE WL and 195 A images, respectively. (c) is
the WL difference image (the post-flare image minus the pre-flare image). MDI longitudinal
magnetic field is superimposed onto (a), showing the polarity of every spot clearly. The
white/black contours represent positive/negative longitudinal magnetic fields, respectively.
The magnetic contour levels are + 150, 300, 1200, and 2400 G. (d) is the WL image at flare
maximum with superimposed RHESSI 50-100 keV hard X-ray contours (levels are 20%,
40%, 70%, and 90% of the maximum counts) accumulated from 20:49:42 UT to 20:50:42
UT. The FOV of (a-d) is 180" x 180". (e, f) have a larger FOV (250" x 250") to show the
complete coronal morphology, in which the large box encompasses the total areas of D1, D2,
and E1, outlining the § spot associated with the flare.
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Fig. 2.— Top panel: Mean intensity of the penumbral decay areas D1 and D2 and the central
darkening area E as a function of time on 2003 October 29. For a clearer representation,
the data values of areas D2 and E are added 0.1 and 0.12, respectively. Middle and bottom
panel: Evolution of absolute value of the longitudinal magnetic flux in each area. The curve
of vertical spikes represents the RHESSI hard X-ray counts in the 50-100 keV range.
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Fig. 3.— Upper panel: MSFC vector magnetograms before and after the X10 flare on 2003
October 29 superimposed onto the corresponding TRACE WL images at 18:26 UT and 21:35
UT respectively. The white lines are the transverse fields with the length proportional to
the field strength. The FOV is 185" x 185". Lower panel: A magnified view of the flare site
outlined by the boxes in the upper panel. The black line is the magnetic neutral line where
the flare is initiated.
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Fig. 4.— MSFC intensity, transverse field, and longitudinal field images before and after
the X10 flare on 2003 October 29. The three boxes are the same as in Figure 1. The white
brackets in (e) and (f) indicate the length along the neutral line, where the weighted mean
magnetic shear angle is calculated. High shear (70-80°) and maximum shear (80-90°) areas
are denoted by black and white plus signs, respectively.
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Fig. 5.— Same as Figure 1, but for the X8.3 flare on 2003 November 2. The little black
box in (d) indicates the position of a bright flare kernel in TRACE WL. The RHESSI map
was accumulated from 17:18:00 UT to 17:19:00 UT in the 50-100 keV energy range and the
contour levels are 30%, 50%, 70%, and 90% of the maximum counts. The WL contours in
(e, f) outline the § spot region related to the flare. The FOV is 150" x 150".
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Fig. 6.— X17 flare on 2003 October 28. All panels show similar images as in Figure 1,
except that (d) is a TRACE 1600 A image with superimposed RHESSI 50-100 keV hard
X-ray contours (levels are 30%, 50%, 70%, and 90% of the maximum counts) accumulated
from 11:09:30 UT to 11:10:30 UT. The boxes in (e) and (f) represent the FOV in (a)-(d),
which is 150" x 150”. Note that the center of panel (d) has a 70” shift to the west in order
to show the complete flare morphology.
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Fig. 7.— X2.3 flare on 2000 June 6. All panels show similar images as in Figure 1, except
that (e) and (f) are TRACE 171 A images. The magnetic contour levels in (a) are & 150,
300, 700, and 1400 G. The boxes in (e) and (f) represent the FOV in (a)-(d), which is 130”
x 130".
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(e) 18:41 UT

Fig. 8.— Same as Figure 7, but for the X5.6 flare on 2001 April 6. The boxes in (e) and (f)
represent the FOV in (a)-(d), which is 160" x 160".
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Fig. 9.— Same as Figure 7, but for the M7.9 flare on 2001 April 9. The boxes in (e) and (f)
represent the FOV in (a)-(d), which is 130" x 130".
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Fig. 10.— Same as Figure 7, but for the X5.3 flare on 2001 August 25. BBSO line-of-sight
magnetogram contours at 16:13 UT are superimposed onto (a). High-lights in (a) and (b)
are areas of decaying penumbra (D1 and D2) and darkening inner penumbra (E). The boxes
in (e) and (f) represent the FOV in (a)-(d), which is 120" x 120".
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Fig. 11.— Scatter plot of the average intensity change of penumbral decay against GOES
X-ray flux. The dashed line is a least-squares linear fit to all seven events with the correlation
coefficient of 0.91. The error bars are standard deviation determined individually for each
event by calculating the fluctuation in the time profile of mean intensity in a quiet Sun
region.
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8

(b) after flare

Fig. 12.— A schematic picture interpreting our observations. (a) Initial magnetic field
configuration before the flare. Penumbral fields are in grey and umbral fields are in black.
(b) Magnetic field configuration in the post-flare state. The dash-dot line represents the

connection between two points far apart, which may form the large-scale arcade structure of
CMEs.
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