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ABSTRACT

In this paper we present a methodology to derive the temporal change of the magnetic shear angle
from a series of vector magnetograms, with a high time cadence. This method looks for the minimum
change of the shear angle between a pair of magnetograms, free from the 180° ambiguity, and then
accumulates this change over many successive pairs to derive the temporal change of magnetic shear.
This methodology will work well if only the successive magnetograms occurred in an active region are
well aligned and its helicity sign is reasonably determined. We have applied this methodology to a
set of vector magnetograms of NOAA Active Region 9661 on October 19, 2001 by the new digital
magnetograph at the Big Bear Solar Observatory (BBSO). For this work we considered well aligned
magnetograms whose cross-correlation values are larger than 0.95. As a result, we have confirmed the
recent report of Wang et al. that there was the abrupt shear change associated with the X1.6 flare.
It is also demonstrated that the shear change map can be an useful tool to highlight the local areas
that experienced the abrupt shear change. Finally, we suggest that this observation should be a direct
support of the emergence of sheared magnetic fields.
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I. INTRODUCTION

Hagyard et al.(1984) defined the magnetic shear
angle as the angular difference between the observed
transverse field and the azimuth of the transverse com-
ponent of the potential field which is computed em-
ploying the observed longitudinal field as a boundary
condition. That is, the magnetic shear angle € is given
by

0=0,—-10,, (1)

in which 6, = arctan(B,,/B,,;) is the azimuth of ob-
served transverse field and 6, = arctan(Bp;/B,,) is
that of the corresponding potential field component.

Noting that flares are associated with the magnetic
shear of strong transverse fields, Wang(1992) proposed
a transverse weighted mean shear angle given by
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in which By is the transverse field strength and the
sum is taken over all of the pixels under consideration.
He found that the weighted mean shear angle jumped
about 5 degrees, coinciding with an X-class flare. He
also showed that five additional X-class flares had the
same pattern of shear angle variation (Wang et al. 1994
; Wang 1997). On the other hand, there were appar-
ently contrary reports that the shear may increase, de-
crease or remain the same after flares (Hagyard et al.
1993 ; Ambastha et al. 1993 ; Hagyard et al. 1999).
Chen et al.(1994) showed that there were no detectable
changes in magnetic shear after 18 M-class flares. Thus,

(2)

the temporal change of magnetic shear before and after
solar flares still remains controversial.

Most of previous studies on the magnetic shear an-
gle have adopted the potential method for resolving
the 180° ambiguity (e.g., Wang et al. 1994). In the
potential method, the direction of the transverse field
is chosen such that an observed transverse field and the
potential field component make an acute angle. How-
ever, this criterion may break down for flaring active
regions, which generally have strong shears near the po-
larity inversion line; that is, transverse fields are often
nearly parallel to the polarity inversion line.

Let us give one extreme example which results in
the wrong estimation of the temporal change of the
magnetic shear angle. If the magnetic shear angle, at
a position, is changed from 85° to 95°, the potential
method gives an estimation of 85° to -85°. This wrong
estimation may be corrected by inspecting a sequence
of vector magnetograms and comparing them with Ho
images. Other elaborate methods for solving the 180°
ambiguity (Canfield et al. 1993 ; Metcalf 1994 ; Gary
& Demoulin 1995) can be employed. However, these
approaches do not guarantee the complete resolution
of the ambiguity.

Recently, Big Bear Solar Observatory (BBSO) has
upgraded its Digital Vector Magnetograph (DVMG)
system, which typically covers an area of about 300" x
300” with a time cadence of approximately 1 minute.
This new system has a much improved sensitivity and
resolution compared to that of the old BBSO Video-
magnetograph system. The details of the DVMG sys-
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tem have been given by Spirock et al. (2002). Us-
ing DVMG vector magnetograms, Wang et al.(2002)
reported on two additional X-class flares that showed
the shear increase associated with flaring activity.

In this study, we present a method to estimate the
temporal change of magnetic shear angle free from the
180° ambiguity. Our method is to minimize the tempo-
ral shear change from a series of vector magnetograms
with a high time resolution. In addition, we use the
shear change map to identify the regions that experi-
enced the abrupt shear changes. In §2, we introduce
this methodology. We apply our methodology to a set
of BBSO vector magnetograms in §3 and present the
results in §4. A brief summary and discussions are de-
livered in §5.

II. METHODOLOGY

The magnetic shear angle, 6(t;) estimated at a time
t; for a given position, can be given by

0(ti) = bo(ti) — Op(ti), (3)

where 0,(t;) includes the 180° ambiguity. Then, the
temporal change of the magnetic shear angle between
two different times ¢; and t; are

(ep(tj) - op(tz‘))~ (4)

If the observing time difference (¢; — ¢;) is much less
than the evolutionary time scale of longitudinal field,
0,(t;) is reasonably assumed to be 6,(¢;). Since the
cadence of the BBSO DVMG magnetograms is about
1 minute, this approximation for the DVMG data is
quite satisfactory. It is also noted that the last term
should be considered if there are significant changes in
flux and field distribution.

Since the change of the shear angle during a short
time interval [t;, ;] is expected to be small, the tempo-
ral change of the shear angle can be minimized like

50i,j = ao(tj) - eo(ti) -

06, j = MINABs[0o(t;) — 0o(:), 05(t;) — Oo(ti) + 18(2]5,)
where MIN 5 gg is a function which selects a value whose
absolute value is the minimum of absolute values and
all angles are defined within +180° to avoid some con-
fusion. This method is effective only if the temporal
change of the shear angle is less than 90°. However,
this assumption is very solid since a temporal change
of magnetic shear angle exceeding 90° has never been
reported, and is thought to be impossible in the solar
photosphere. It is noted that this quantity has nei-
ther been affected by the 180° ambiguity nor any other
specific assumptions.

The map of the transverse weighted shear change is
given by

B MEAN (B;)

: (6)

where By is the average transverse field of two consecu-
tive magnetograms taken ¢; and t;. To get a reasonable
shear change map, the two successive magnetograms
should be well aligned each other. In practice, the cross
correlation value between the two magnetograms can
be used as a criterion for selecting data sets. This map
will be used to identify the local areas that experience
noticeable shear changes. This quantity can be easily
extended to the integral quantity over a whole active
region. The change of transverse weighted mean shear
angle is given by

Y B.6:,
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Since the condition that the change of shear angle is less
than 90° is very acceptable in the evolution of solar
active regions, this approach may even be applicable
to a pair of magnetograms which are taken a few hours
(or even longer) apart only if there is no significant
difference between the potential fields of the pair of
magnetograms.

If a series of magnetograms are continuously ob-
served, we can obtain a continuous change in the trans-
verse weighted shear angle in which each shear change
is obtained from a pair of successive magnetograms.
Then, the temporal change of the weighted mean shear
angle between t; and ty can be described as

(7)

i=k—1

O(to, ty) = Z 605,41+ (Op(tr) — Op(to)), (8)
i=0

whose positive value implies that the shear will increase
if the helicity sign of a region of interest is positive, but
indicates the shear will decrease if the helicity sign is
negative. The last term represents a systematic tem-
poral change of the potential field, which corresponds
to the accumulation of the last term in equation (4).
The temporal variation of this term should be regarded
as a reference. Usually, the helicity sign of an active
region can be inferred from the whorl (clock-wise or
counter clock-wise) patterns seen in fibril or filament
patterns of Hoa images and/or in the transverse fields.
It is also noted that to determine the helicity sign of
the region of interest (mainly near the polarity inver-
sion line) is somewhat different from solving the 180°
ambiguity for all considered pixels. Once the helicity
sign is determined, equation (8) can be used to detect
shear changes free from the 180° ambiguity. Thus we
expect that it can be used as an useful tool to examine
the temporal change of magnetic shear angle associated
with the evolution of active regions.

If the 180° ambiguity of transverse magnetic fields at
time tg are reasonably solved, the transverse weighted
mean shear angle 0(¢;) at a time t; can be determined
like B _ B

O(ty) = 0(to) + O(to, tx) (9)
where 0(ty) is the transverse weighted mean shear an-
gle at to. This approach has an advantage which only
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requires the resolution of 180° ambiguity for the initial
magnetogarm taken at fy, which should be very care-
fully determined.

III. DATA ANALYSIS

To demonstrate our methodology, we have used a set
of BBSO DVMG vector magnetograms of NOAA AR
9661 for which Wang et al.(2002) showed the abrupt
shear change associated with the X1.6 flare on October
19, 2001. The DVMG system consists of a 1/4 A band
pass filter, an SMD 1024 x 1024 12-bit CCD camera
and three liquid crystals used as polarization analyzers.
Each data set consists of four images: 6103 A filter-
gram (Stokes-I), line-of-sight magnetogram (Stokes-V)
and the transverse magnetograms (Stokes-U and -Q).
We usually rebin the camera to 512 x 512 pixels to
increase the sensitivity of the magnetograms. After
rebinning, the pixel resolution is about 0.6”. The line-
of-sight magnetic sensitivity is a few Gauss while the
transverse sensitivity is several tens of Gauss. The ca-
dence for a complete set of Stokes images is typically 1
minute. For each vector magnetogram, we correct the
cross-talk by scatter plots of Stokes V vs. Q and V
vs. U. More detailed descriptions of data analysis are
found in Spirock et al.(2002) and Wang et al.(2002).

Wang et al.(2002) resolved the 180-degree ambiguity
in the transverse fields by comparing the vector mag-
netograms with the extrapolated potential fields using
the line-of-sight field as the boundary condition. In the
present study, we have calculated the temporal change
of shear angle for the regions of interest using equation
(8) free from the 180° ambiguity. For this work, a series
of magnetograms are carefully aligned with each other.
To minimize errors due to mis-alignment between a pair
of magnetograms, we have only selected pairs of magne-
tograms whose correlation values are larger than 0.95.
For the most cases, the magnetograms are well aligned
with high correlation values in the range of 0.97 to 0.99.

Recently, BBSO developed its new generation full-
disk Ha system (Denker et al. 1999). This produces 1-
minute cadence high resolution images with the 6-inch
Singer telescope together with a 2032 x 2032 Apogee
Kx4 14-bit digital CCD camera. The pixel size in the
images is about 1”, which yields a spatial resolution of
2", In the present study, BBSO Ha images are used to
compare their brightening areas with the regions that
experienced the abrupt shear changes.

We have used a pair of 96 minute cadence SOHO /MDI
(Scherrer et al. 1995) full-disk longitudinal magne-
tograms near the flaring time of X1.4 flare to derive
the flux change maps. The full disk magnetograms
were recorded by a 1024 by 1024 with a pixel size of
2", The field of view that we analyze is 300" x 300",
which can cover the whole active regions. The noise lev-
els in the 96-min cadence data are estimated at ~ 20
Gauss per pixel from the comparison of two successive
magnetograms. All the magnetograms were aligned
by the non-linear mapping, which takes into account

the solar differential rotation effect as in Chae(2001)
and Chae et al.(2001). It is noted that a time series
of magnetograms have their own different geometries
to the Sun, which is due to its spherical geometry.
Thus this rotational mapping is also effective in such
a geometrical foreshortening. Detailed procedures of
data analysis are described in Chae(2001) and Moon
et al.(2002a). We have determined horizontal velocities
by LCT method (November & Simon 1988), which has
been commonly used for tracking photospheric inten-
sity patterns such as granulation. For the LCT, there
are two important input parameters: FWHM of the
apodization window and the time interval between two
images for comparison. We select the FWHM of 20",
ten times the spatial pixel size of MDI full disk data.
The time interval for horizontal velocity measurement
is 96 minutes, which corresponds to about 0.82 pixel
when a magnetic flux element moves with a speed of
0.1kms~'. We assume that the horizontal velocity in
the region with low flux density (less than 10 G) or low
cross-correlation value (less than 0.9) is zero to reduce
the noise effects.

To examine the spatial distribution of flux change,
we have devised a method to derive the flux increase
and decrease maps from a pair of successive MDI mag-
netograms. Let us consider a pair of longitudinal
magnetograms Bi(x,y) and Ba(x,y) that are taken at
two different times, t; and t3, and their difference,
AB(x,y)=Ba(x,y)-B1(x,y). Unless there is significant
movement of flux elements, the difference itself can
give us the information on flux change. However, it
has been noted that there are noticeable photopsheric
horizontal motions of magnetic elements, especially as-
sociated with flares (Moon et al. 2002a ; 2002b). In
deriving the displacements of magnetic elements, the
use of SOHO/MDI magnetograms is most appropriate
because they are free from the seeing effect and be-
cause SOHO has a very stable movement. We make a
non-linear mapping to take into account the displace-
ments of moving magnetic features (MMFs) derived
from LCT. To reduce the effect of noises and the un-
certainty in the non-linear mapping, we make a 3 x 3
binning (6” x 6”), which is about twice the largest dis-
placement of MMF's. In addition, we only consider flux
change whose magnitude is larger than three times the
standard deviation of AB(z,y). To avoid an ambigu-
ity in interpretation, flux increase/decrease maps are
made not to include the parts in which the longitu-
dinal field has changed its sign. Therefore, the flux
increase maps show the parts with A|B(z,y)| > 0 and
B1 By > 0 while the flux decrease maps show the parts
with A|B(z,y)| < 0 and B1By > 0. In both maps,
white areas (positive values) represent the positive po-
larity, while black areas (negative values) indicate the
negative polarity. We find this method useful in identi-
fying the areas that have undergone the abrupt change
of flux.
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Fig. 1.— Longitudinal magnetogram (left panel), Ha image (middle panel), and a map (right panel) of the shear angle
change between 16:20 UT and 16:30 UT for the 2001 October 19 flare event occurred in AR 9661. The field of view is 120"
x 120”. The box marks the area for which the temporal change of transverse weighted shear angle was estimated by Wang
et al.(2002). In the shear change map (right panel), bright areas represent the increase of shear and dark areas, the decrease
of shear.
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Fig. 2.— Temporal change of the weighted mean shear angle relative to the initial shear angle for the boxed area in Figure
1. The dotted line is what Wang et al.(2002) obtained using the potential method for the 180° ambiguity and the solid line
is what we obtained from the present study. The dashed line corresponds to the temporal variation of weighted potential
field, the last term of equation (8).
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Fig. 3.— Pair of longitudinal magnetograms (left two panels) taken before and after the X1.4 flare and a set of flux increase
(third panel) and flux decrease (right panel) maps. The field of view is 300" x 300”. For both flux change maps, positive
values (white) represent the positive polarity, and negative ones (black), the negative polarity.

IV. RESULTS

Figure 1 shows the line-of-sight magnetogram, Hao
image, and a map of transverse weighted shear angle
change for the 2001 October 19 flare event occurred in
NOAA AR 9661. The map of the transverse weighted
shear change is made using equation (6) and a pair
of magnetograms taken at 16:20 UT and 16:30 UT.
As seen in the right panel of Figure 1, the map high-
lights the local areas that has undergone the abrupt
shear change. It is noted that the bright areas experi-
encing large shear changes are located near the boxed
area. We also note that these areas are located near Ha
brightenings, which seems to be related to the result of
Moon et al.(2002b) who found that the horizontal ve-
locity anomaly associated with the impulsive magnetic
helicity injection was found near Ha flaring regions.

Our main interest is the boxed area which includes
the emerging flux regions in the penumbra of the lead-
ing sunspot and the polarity inversion line, which was
chosen by Wang et al.(2002) to examine the temporal
shear change associated with the X-class flare. The he-
licity sign for the region is found to be positive, which
is inferred from the counter clockwise whorl pattern of
vector magnetograms (Fig. 8 of Wang et al. 2002). Fig-
ure 2 shows the comparison of Wang et al.(2002) and
ours for the temporal change of weighted mean shear
angle in the boxed area relative to the initial shear.
Our result is qualitatively similar to that of Wang et
al.(2002) and further confirms their result that there
was an impulsive and permanent shear change near the
time of the flare. Our results do not show a monotonic
increase of mean shear angle after the flare, which is a
little different from Wang et al.(2002). The standard
deviation of the shear change during non-flaring times,
which is estimated from magnetograms between 16:30
UT and 18:30 UT, is about 1 degree. As seen in dashed
line of Figure 2, the temporal variation in the azimuthal
component of the potential field, the last term of equa-
tion (8), is not significant and its standard deviation is
about 0.6 degree. Our methodology should be regarded
as a reliable tool since it has removed a few difficulties
caused by the 180° ambiguity and the temporal evolu-

tion of potential fields.

Figure 3 shows a pair of longitudinal magnetograms
taken before and after the flaring time of X-class flare
and the flux increase and decrease maps derived from
the magnetograms. In the third panel, bright areas
highlight the emerging flux regions of positive polarity.
As seen in Figures 1 and 3, the local areas that experi-
enced the abrupt shear increase well match the emerg-
ing flux regions. This is consistent with the result of
Wang et al.(2002) who showed the temporal evolution
of magnetic flux in the boxed area. This may be a di-
rect support on the emergence of sheared fluxes. In ad-
dition, these results demonstrate that our flux change
maps are effective in pinpointing the local areas that
have undergone the abrupt change in magnetic flux.

V. SUMMARY AND DISCUSSION

In this paper, we propose a methodology to derive
the temporal change of magnetic shear angle without
resolving the 180° ambiguity. This method looks for
the minimum change of the shear angle between a pair
of magnetograms and then accumulates this change
over many successive pairs to derive the temporal shear
change using a series of vector magnetograms with a
high time cadence. We have applied this methodology
to a set of high cadence BBSO vector magnetograms
of NOAA AR 9661. Major results from the present
study can be summarized as follows. (1) Our results
are very similar to Wang et al.(2002) and confirm their
report that there was an abrupt shear change associ-
ated with the X1.6 flare event on October 19, 2001. (2)
The shear change map can be used as an useful tool to
highlight the local areas that experienced abrupt shear
change. (3) The regions that experienced the abrupt
shear change correspond to the emerging flux regions,
which are also located near the Ha brightenings. This
result seems to be a direct support of the emergence
of sheared magnetic fields (Wang & Tang 1993). This
approach can be extended to other non-potential pa-
rameters (for reviews, Moon et al. 2000) such as elec-
tric current density, magnetic free energy density, and
MAD(Maximum Angular Difference between two adja-
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cent field vectors, Moon et al. 1999).

To deal with the 180° ambiguity, Hagyard et al.(1999)
compared the azimuth angle of each magnetogram with
the azimuth of a template at every pixel and chose the
azimuth closest to that of the template. Their method
is conceptually similar to ours. The present method
may be a kind of elaboration and extension of their
method, but it differs in several aspects. First of all,
we have calculated the shear changes between pairs of
successive magnetograms and then accumulate them
to derive the temporal shear change. Second, we sep-
arate the change of azimuth angle from that of the
corresponding potential field to distinguish the cause
of shear angle change clear. Hagyard et al.(1999) dis-
cussed a possibility for errors associated with the poten-
tial components derived from longitudinal fields. The
above steps are expected to minimize the effect origi-
nated from their evolutionary change. Third, we have
carefully aligned consecutive magnetograms and used
their cross-correlation value as a criterion to select a
series of magnetograms. This step is purposed for min-
imizing several errors such as seeing variation. Fourth,
our method can identify shear increase or decrease if
the helicity sign for a considered region is reasonably
identified.

Recently, we have examined the relationship be-
tween magnetic helicity injection rates and solar flares
(Moon et al. 2002a ; 2002b). From these studies we
found the several cases that showed the impulsive in-
crease of the degree of magnetic helicity during the
impulsive variations of helicity change rate associated
with major flares. This result seems to be consistent
with the present work, together with the previous re-
sults on the magnetic shear increase associated with so-
lar major flares (Wang et al. 1994; Wang et al. 2002).
It should be noted that such shear increases and impul-
sive variations of magnetic helicity have been reported
only for some strong X-class flares. This tendency is
not consistent with a general trend in the evolution of
the magnetic fields of active regions (Sakurai & Hiei
1996). We think that there are two explanations for
the shear increase: the emergence of sheared fluxes
(Wang & Tang 1993) and/or the photospheric response
to strong solar flares (Anwar et al. 1993 ; Moon et al.
2002b).
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