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ABSTRACT

In this paper we study the short-term evolution of magnetic fields associated with five flares in d-sunspots. We
concentrate on the analysis of the magnetic gradient along the flaring neutral lines (NLs). Obvious changes of the
magnetic gradient occurred immediately and rapidly following the onset of each flare. A rapid gradient increase was
found to be associated with three events, while a decrease was associated with the other two. The changes were
permanent, and therefore not likely due to the flare emissions. In addition, we evaluated the mean relative motions
between the two magnetic polarities in these 6-regions, in the directions parallel and perpendicular to the flaring
NLs. We derived the mean positions of the two magnetic polarities using a center-of-mass (CoM) calculation and
found that (1) converging motions correspond to a gradient increase and diverging motions, to a decrease; (2) for all
the events, there appeared a sudden release of magnetic shear associated with each flare, signified by a decrease of
CoM separation between 500 and 1200 km in the direction parallel to the NLs. Combining the findings presented
here with those in previous papers, we propose that these results are evidence of magnetic reconnection at or close to
the photosphere. When an active region is away from the solar disk center, the reconnected transverse fields cause
an apparent increase of the flux in the polarity toward the limb and a decrease for the polarity closer to the disk
center. This observational pattern was indeed found for all 10 available events that have been studied in the
literature and in this paper. Finally, we offer some predictions for future observations when high-quality vector
magnetogram sequences become available.

Subject headings: Sun: activity — Sun: coronal mass ejections (CMEs) — Sun: flares — Sun: magnetic fields

1. INTRODUCTION

Only recently have rapid and permanent changes of photo-
spheric magnetic fields been observed to be associated with large
solar flares. Over a decade ago, the Big Bear Solar Observatory
(BBSO) group discovered rapid and permanent changes of vec-
tor magnetic fields associated with flares (Wang et al. 1992,
1994), but several other studies generated inconclusive results
(Ambastha et al. 1993; Hagyard et al. 1999; Chen et al. 1994;
Lietal. 2000a, 2000b). Kosovichev & Zharkova (2001) studied
high-resolution Michelson Doppler Imager (MDI) magnetogram
data for the 2000 July 14 “Bastille Day Flare” and found re-
gions with a permanent decrease of the magnetic flux, which was
related to the release of magnetic energy. Using 1 minute cadence
GONG++ data, Sudol & Harvey (2005) observed rapid and
permanent changes of line-of-sight magnetic fields that were in-
deed associated with almost all the X-class flares studied. Earlier,
the BBSO group published a number of papers describing the
sudden appearance of unbalanced magnetic flux that is associ-
ated with flares (Spirock et al. 2002; Wang et al. 2002b, 2004b;
Yurchyshyn et al. 2004).

Very recently, the BBSO group presented a new observational
result of the rapid changes of sunspot structure associated with a
substantial fraction of flares (Wang et al. 2004a; Deng et al. 2005;
Liu et al. 2005; Chen et al. 2006). In particular, Liu et al. (2005)
studied the change in §-spot structures associated with seven
X-class flares. The results are quite consistent for all the events:
part of the penumbral segments in the outer d-spot structure decay
rapidly after major flares, and meanwhile, the neighboring umbral
cores and/or inner penumbral regions become darker. The rapid
changes, which can be identified in the time profiles of the white-
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light mean intensity, are permanent, not transient, and thus are not
due to flare emissions. The co-aligned magnetic field observations
show substantial changes in the longitudinal magnetic field as-
sociated with the decaying penumbrae and darkened central areas.
For two events in which the vector magnetograms were available,
Liu et al. (2005) found that the transverse fields associated with
the penumbral decay areas decreased, while they increased at the
flare neutral lines (NLs). Both events also showed an increase in
the photospheric magnetic shear after the flares. For all the events,
they found that the locations of penumbral decay were related
to flare emissions and were connected by prominent Transition
Region and Coronal Explorer (TRACE) postflare loops. To ex-
plain these observations, they proposed a reconnection picture
in which the two components of a §-spot become strongly con-
nected after the flare. In the outer border of the é-structure, 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 close to a NL become darker as
a result of increased field strength there, mainly in the form of
transverse fields.

Measurements of the nonpotentiality of an active region can be
obtained from a vector magnetogram of the region. These mea-
surements can be used as a proxy to predict the time and location
of flares. Study of the evolution of these parameters would further
provide information about energy storage and release during the
process of flares. Zhang (2001) found that the shear and gradient
of the magnetic field are important in defining the nonpotentiality
of solar active regions and that they reflect the strength of the elec-
tric current in the regions. However, the analysis of vector mag-
netograms has experienced difficulties even as new instruments
have been developed. The most notable ones are calibration,
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TABLE 1
PrOPERTIES OF FIVE FLARES AND THE ASSOCIATED ACTIVE REGIONS
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Latitude Longitude
Date Flare Time (UT) Flare Magnitude NOAA Region (deg) (deg)
2001 Apr 6........... 19:13 X5.6 9415 S21 E30
2001 Apr9........... 15:25 M7.9 9415 S21 E19
2003 Oct 28.......... 11:10 X17 10486 S16 E08
2003 Oct 29......... 16:31 X10 10486 S16 Wo08
2005 Sep 13......... 19:27 X1.2 10808 S09 E10

resolution of 180° ambiguity, and correction of the projection
effect when an observed region is not close to the solar disk center.
From a sample of 17 vector magnetograms, Falconer et al. (2003)
showed that there is a viable proxy for nonpotentiality that can
be measured from a line-of-sight magnetogram. This proxy is the
strong magnetic gradient, and it is correlated with active region
coronal mass ejection (CME) productivity. Because gradients can
be measured from line-of-sight magnetograms obtained from con-
ventional magnetographs, they may be a dependable substitute for
magnetic shear for use in operational flare and CME forecasting.
Prasad (2000) used the similar parameter of the magnetic gradient
to characterize the stressed magnetic fields in active regions.
Wang et al. (2006) found a close correlation between magnetic
shear and magnetic gradient; both can be used as a good proxy
to predict flares. This was further demonstrated by statistical
studies (Song et al. 2006; Jing et al. 2006).

Naturally, we extend the study one step further, i.e., to detect
changes of the magnetic gradient in the flaring NLs and the relative
motion between the two opposite magnetic polarities divided by
the NLs. This is the primary objective of this paper. In concep-
tion, the study is similar to the investigation of earthquakes, study-
ing the stress and motion between two tectonic plates. Preliminary
studies for two individual cases can be found in Deng et al. (2006)
and Stoltz (2005); both showed some obvious evidence of rapid
gradient changes associated with the flares.

2. OBSERVATIONS AND RESULTS

The reliable detection of rapid changes in observed magnetic
fields would require stable observing conditions. Therefore, we

BBSO Halpha 1525UT

MDI Magnetogram 1501UT

use MDI line-of-sight magnetograms in this study to take ad-
vantage of long-sequence and seeing-free conditions. We only
use the data sets that have a cadence of 1 minute. The magneto-
grams have a pixel resolution of 2”. We select the regions that
have data coverage for longer than 10 hr with a large flare (mostly
X-class with one exception of M7.9) in the middle. Table 1 lists
some basic properties of the five events.

We first describe the 2001 April 9 event as an example to dem-
onstrate the data analysis procedures. This event was studied pre-
viously by Yurchyshyn et al. (2006). They demonstrated that
this region had a typical sigmoid configuration. Figure 1 shows
an MDI magnetogram at 15:00 UT, shortly before the onset of
the M7.9 flare. In order to conveniently study the evolution of
magnetic fields near the flaring NL and the motion of the fields
perpendicular and parallel to the NL, we first rotate each mag-
netogram so that the NL appears to be in the vertical direction.
For the 2001 April 9 event, we rotated 23° clockwise. Based on
the Ha movie, we identify the flaring NL, i.e., the dark vertical
line in the Ho image. A dark box is drawn to isolate the §-sunspot
where the flare was initiated and to mark the area for the calcu-
lations below. The same NL is marked on the calculated gradient
map (Fig. 1, right). Five parameters were calculated using each
magnetogram, and based on these, five time profiles were gener-
ated to describe the evolution of magnetic structure with 1 minute
cadence. These parameters are (1) negative magnetic flux in the
box, (2) positive flux, (3) mean magnetic gradient along the flaring
NL, (4) the center-of-mass (CoM ) separation of the two magnetic
polarities perpendicular to the NL, indicating either convergent
or divergent motion, and (5) the CoM separation parallel to the

Magnetic Gradient

Fic. 1.—Left: BBSO Ha image during the 2001 April 9 flare in AR 9415. Middle: MDI magnetogram. Right: Gradient map derived from magnetogram. The field of
view is 400" x 400”. The black box defines the area of magnetic flux and CoM separation calculation. The black vertical line on the left and white vertical line on the

right indicate the flaring magnetic NL.
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Fic. 2.—Time profiles for the 2001 April 9 event. Top fo bottom: Negative
magnetic flux, positive magnetic flux, mean magnetic gradient along the flaring
NL, CoM separation perpendicular to the NL, and CoM separation parallel to
the NL. The thin vertical line marks the time of the maximum rate of increase of
GOES soft X-ray flux.

NL, indicating the shear motion. The CoM x- and y-positions
are defined as

X;B; Y;B;
XC: Z 1 l’ YC: Z 1 17
>.Bi > Bi

where X; and Y; are the x- and y-coordinates of a given point and
B; is the corresponding measured magnetic flux density. If we

Vol. 649
% 04-06-01
2 50f
S o
— 451 o ¥ 3
R S v ;
= OF ]
£ 35F | 3
gn 30F :
Z 16:00 18:00 20:00 22:00 00:00

Time

=
; 60F ]
S s5f E
e ; ]
= L r ]
2 45F ’ E
g 40F .
~ 16:00 18:00 20:00 22:00 00:00

Time

Mean Magnetic Gradient

’é‘ 0.50E :
S " _ A ,-.".'-":"‘::;"«?"-.,". "5'-:‘;‘;.‘\.'.:\;"*‘_::‘1:'-._.-:;’“'?
E 0.40 ;_ IS ."ﬁa‘w.r".‘-.-'. \L_.;\_,'\ "“"'.__,"‘ _, ) ' _g
F 035577 .._ _;
O 030t ]

20:00 22:00 00:00
Time
CoM Separation Perpendicular to NL (km)
2.0-10*
1.9410°F E
1.8.10°E 7 M
1.7-10*F .

1.6°10%F ;
1.5¢10*

16:00 18:00

16:00 18:00 20:00 22:00 00:00
Time

CoM Seperation Parallel to NL (km)

9000

8000F

at
SN e Bt L s
TR ST e

7000 £

T

6000

16:00 18:00 20:00 22:00 00:00
Time

Fic. 3.—Same as Fig. 2, but for the 2001 April 6 event.

use all the points with B; > 0, the resulting CoM position would
be for the positive polarity flux; if we use all the points with
B; <0, the resulting CoM position would be for the negative
polarity flux. The magnetic gradient was calculated using the
code provided by Gallagher et al. (2002).

Visual inspection of time profiles clearly demonstrates sud-
den changes in the parameters. The changes begin at the time
of the flares. To quantitatively describe these changes for each
time profile, we divide the data points into two sections: from
the beginning of the observation to about a half-hour before the
flare and from 2 hr after the flare to the end of the observation.
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FiG. 4—Same as Fig. 2, but for the 2003 October 28 event.

Comparison of the linear fittings in these two sections can pro-
vide evidence of either a sudden jump of parameters or a change
in the trend of magnetic field evolution associated with the flare.
We intentionally skipped about 2.5 hr of data covering each flare
to avoid possible line profile change during the flare that would
likely affect the measured magnetic signal (Qiu & Gary 2003).
In this study we are more interested in the discontinuity (sig-
nifying the rapid changes) in the parameters around the flare
time instead of the long-term evolution of the parameters.

We note that we are only measuring magnetic fields in the
coordinates of the plane of the sky, instead of the true helio-
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Fic. 5.—Same as Fig. 2, but for the 2003 October 29 event.

spheric coordinates. The projection effect would prevent the accu-
rate determination of true longitudinal fields perpendicular to the
solar surface. Overcoming this weakness requires high-quality
long-sequence vector magnetic field measurements, which are
not currently available. Nevertheless, the projection effect will
not cause a sudden change in magnetic fields. If there is no in-
trinsic solar magnetic field change, the largest change of the ob-
served fields would be due to the solar rotation, which cannot
create a sudden jump on the timescale of 1 hr.

In Figure 2 we plot the aforementioned time profiles and fittings
for the 2001 April 9 event. Figures 3—6 present similar plots for
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Fic. 6.—Same as Fig. 2, but for the 2005 September 13 event.

the other four events. Table 2 lists the summary of changes of the
discussed parameters. Following each parameter, we describe the
trends of the parameters. For example, “+/— " would indicate that
the parameter has an increasing trend before the flare and de-
creasing after. A trend that is not obvious is denoted by “0”.

Based on Figures 2—6 and Table 2, we discuss some common
properties of these five events:

1. Without ambiguity, all the parameters have sudden jumps
immediately following the onset of the flares. This agrees with
the conclusions of previous work that the photospheric fields only

change after the start of flares (Wang et al. 2002b; Sudol & Harvey
2005). As we presented, these changes are observed for all the
parameters: magnetic flux, magnetic gradient along the flare NLs,
and CoM separation between opposite polarities. Again, all these
changes are permanent.

2. Unbalanced magnetic flux changes are found for all the
events: the flux of one polarity increases while the opposite po-
larity decreases. This is in agreement with the findings of Wang
et al. (2002b). There is only one overlapping event in these two
sets of events (this paper and Wang et al. 2002b), i.e., the 2001
April 6 flare.

3. The mean magnetic gradient along the flaring NLs in-
creases for three events and decreases for the other two. For the
events with increased gradient, converging motion was evident
based on the CoM separation perpendicular to the NL. For the
2001 April 6 flare, the CoM separation decreased by 350 km,
and obvious converging motion started following the flare; for
the 2001 April 9 flare, CoM separation also decreased by 350 km,
and converging motion continued after the flare; for the 2005
September 13 flare, although CoM separation increased by
310 km, the motion changed from diverging to converging fol-
lowing the flare. For the two events (2003 October 28 and 29)
for which the gradient decreased, both showed continued diverg-
ing motion after the flare and a jump of CoM separation by 380
and 290 km, respectively.

4. The most striking result is the change of CoM separation
in the direction parallel to the flaring NL. A decrease of the value
represents a decrease of shear. This is the first evidence that the
relative shear of the ¢-structure decreases suddenly by an amount
between 500 and 1200 km for all five events. Please note that the
magnitude of the CoM separation change is less than 1 MDI pixel
size; it is meaningful only because the result is the average of
thousands of data points.

3. DISCUSSIONS

Based on the findings discussed in this paper and combining
them with the results in previous papers, we discuss some
possible physical insights:

It has been pointed out recently that two-stage reconnection
may be responsible for flares and CMEs; a representative model
is tether cutting via implosive/explosive connection in the middle
of'a sigmoid (Moore et al. 2001 and references therein). The first
stage is the reconnection near the solar surface, forming an erupt-
ing rope. The second stage involves the interaction between the
erupting rope and the larger scale arcade fields. We believe that
our observations explain the first step of reconnection by the
following arguments:

A simplified magnetic topology of this kind of reconnection
process was presented by Liu et al. (2005). We now present a
modified version in Figure 7 as the cartoon in the left panel.
Again, using the 2001 April 9 event as an example, we propose
that the flare is the result of the core field reconnection of the
sigmoid configuration. The three-dimensional picture of this
event was described in more detail by Yurchyshyn et al. (2006).
For simplicity, we project this to two dimensions. Before the
reconnection, the fields are dominated by the longitudinal com-
ponent as there is no connectivity between the two poles across
the neutral line (NL). After the reconnection slightly above the
photosphere, magnetic tension may pull the shorter loop down
to the level of the photosphere. Effectively, longitudinal fields
would be converted into transverse fields. If the region is at the
disk center, this would just be shown as the sudden disappearance
of magnetic fields in both polarities due to submergence as dis-
cussed by Zwaan (1987). This kind of fast magnetic cancellation



TABLE 2
MAGNETIC PARAMETERS AND THEIR CHANGES

Change of Change of Change of Change of CoM Change of CoM
Negative Flux Trend of Positive Flux Trend of Magnetic Gradient Trend of Perpend. to NL Trend of CoM Parallel to NL Trend of CoM
Date (102 Mx) Negative Flux (102 Mx) Positive Flux (G km™1) Magnetic Gradient (km) Perpend. to NL (km) Parallel to NL
2001 Apr 6............. +0.85 ++ —3.4 +/— +0.057 0/— —350 +/— —-900 +—
2001 Apr 9............. +2.7 0/+ 0 0/— +0.005 ++ —350 —/0 —1200 —/—
2003 Oct 28........... —-0.4 ++ +0.75 +/+ —0.0075 —/0 +380 ++ —840 +/+
2003 Oct 29........... —0.33 ++ +0.65 ++ —0.017 +— +290 +/0 —890 +/+

2005 Sep 13........... +0.75 ++ —-1.2 —/— +0.026 +/— +310 +/— —520 ++
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has been occasionally observed (Wang et al. 2002b). If the region
is substantially away from the disk center, we are seeing a pro-
jected part of the transverse field into the line-of-sight direc-
tion as observed by MDI magnetograms. As Spirock et al. (2002)
pointed out by a cartoon in Figure 4 of their paper, the flux closer
to the limb is enhanced, while that closer to disk center is reduced,
if the newly formed transverse field is flat enough. This model
can explain the observations of 2001 April 6 and 9 and 2005
September 13, as we observe the converging motion and rapid
increase of the magnetic gradient at the NL immediately fol-
lowing the flares.

The cases of 2003 October 28 and 29 are more difficult to
explain. We propose a modified scenario: that the sigmoid core
field reconnection somehow simplified the field above the solar
photosphere, and a new flux emerged as a consequence of this
relaxation. The same argument of unbalanced magnetic field evo-
lution still holds as long as the emerged flux loop is flat at the part
intersecting the photosphere. The new flux emergence explains
the divergent motion and gradient decrease following flares. As
a matter of fact, the general trend is that the active region was
still in the growing stage during the period of these two events.

If the unbalanced flux evolution is due to the vertically dom-
inated fields switching to horizontally dominated fields, then we
should see the effect stated by Spirock et al. (2002), the limbward
flux increases while diskward flux decreases. Summarizing all
10 available events from the literature and this paper, we indeed
observe such a trend. We only select the events for which the
flaring NL is well defined and close to parallel to the limb (less
than 30° in angular separation). Table 3 lists the rapid magnetic
flux changes after the flares for these events. It is quite evident

that for all the events, limbward flux increases, and diskward flux
decreases (no apparent change in one event). The probability of
random occurrence this way is only 0.1%.

Please note that this first step of reconnection does not release
a substantial amount of energy; instead, it changes the magnetic
topology for further energy release in the second step. The dis-
cussion of the second step is beyond the scope of this paper. It
may be part of the breakout process (Antiochos 1998; Antiochos
etal. 1999) or may also fit into the classical picture of the Kopp-
Pneuman (Kopp & Pneuman 1976) model. The signature of the
second step reconnection includes large-scale dimming and
remote Ha ribbons (Wang et al. 2002a, 2005; Manoharan et al.
1996), as well as inverse type 111 bursts (Tang & Moore 1982).

Based on our observations and proposed two-step reconnec-
tion picture, we make some predictions for future observations,
when high-resolution vector magnetograms will become avail-
able, such as from the upcoming space missions Solar-B and the
Solar Dynamics Observatory.

1. Transverse magnetic fields at a flaring NL will increase
rapidly following flares. There is some evidence of such an in-
crease (Wang et al. 2002b, 2004b).

2. The unbalanced flux change will be more prominent when
the regions are closer to the limb due to the enhanced projection
effect there.

3. Evershed flow will decrease in the outer boundary of a
6-configuration, as outward-inclined fields will become more
vertical. This was observed in one case (Wang et al. 2005).

4. In the initial phase of the flare (first-stage reconnection),
two flare footpoints may move closer before they start the usual
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TABLE 3
LiMBWARD AND DiskwARD FLux CHANGES FOR 10 EVENTS IN THE LITERATURE AND IN THis PAPER

Limbward Flux

Diskward Flux

Date (10%° Mx) (10%° Mx) Reference
1990 May 24........ + - Cameron & Sammis (1999)*
2001 Apr 2........... +6 —-1.5 Spirock et al. (2002)
2001 Apr 6........... +4 —4 Wang et al. (2002b)
2001 Apr 9 +2.8 0 This paper
2001 Aug 25. +1.8 —-0.4 Wang et al. (2002b)
2001 Oct 22.......... +11 -2 Wang et al. (2002b)
2002 Jul 23 .......... +2 -1 Yurchyshyn et al. (2004)
2003 Oct 28......... +0.75 —-0.4 This paper
2003 Oct 29.......... +0.65 —0.33 This paper
2005 Sep 13......... +0.75 —-1.2 This paper

? Qualitative results only.

separation motion. The core reconnection may explain such an
inward motion: sheared loops are reconnected first and less-
sheared loops are reconnected later; therefore, the separation
between footpoints may decrease during this phase. The energy
balance of this picture can be understood in the context of
“implosion” as proposed by Hudson (2000). Such early-phase
footpoint-converging motion has been observed recently (Ji et al.
2004a, 2004b, 2006; Veronig et al. 2006).

5. In the work of Melrose (1997), he assumes that the re-
connected loop systems carry currents. He also predicted that as
a consequence of the reconnection, some current will be able to
be measured near the photosphere, and therefore, an increase of
the magnetic shear near the flaring NLs may be detected. An al-
ternative way to explain this is that the newly emerged fluxes are
more strongly sheared. The magnetic shear increase was only ob-
served in a couple of isolated events; therefore, future obser-
vations are needed to verify these.

For the last point, we would like to discuss an apparent ob-
servational paradox. As we presented in this paper, the overall

shear motion has a sudden relaxation after all the events; on the
other hand, based on vector magnetograph observations, at the
flaring NL, magnetic shear (defined as the difference between
the observed vector fields and potential fields) may be observed
to increase (Wang et al. 2002b; Liu et al. 2005). We tentatively
offer the following explanation: the shear velocity found using
the CoM method reflects the overall structure of the active re-
gions, and the shear release reflects the overall energy release;
however, the shear increase near the NL is localized, reflecting
magnetic connectivity for a small area, and therefore does not
provide information about the stored magnetic energy of the
active regions.
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