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Abstract We give an extensive multi-wavelength analysis of an evegid1.0/1N class
solar flare, which occurred in the active region NOAA 100442602 July 26. Our empha-
sis is on the relationship between magnetic shear and flagg.dFlare shear is defined as
the angle formed between the line connecting the centrditteedwo ribbons of the flare
and the line perpendicular to the magnetic neutral line. Mlagnetic shear is computed
from vector magnetograms observed at Big Bear Solar ObmeyweBBSO), while the
flare shear is computed from Transition Region and Coronpldfgr (TRACE) 170
images. By a detailed comparison, we find that: 1) The magsk&ar and the flare shear
of this event are basically consistent, as judged from trectons of the transverse mag-
netic field and the line connecting the two ribbons’ centso?) During the period of the
enhancement of magnetic shear, flare shear had a fast iadmtsved by a fluctuated
decrease. 3) When the magnetic shear stopped its enhar¢cémdiuctuated decreasing
behavior of the flare shear became very smooth. 4) Hard X#§R) spikes are well
correlated with the unshearing peaks on the time profile®falte of change of the flare
shear. We give a discussion of the above phenomena.
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1 INTRODUCTION

It is well accepted that solar flares are due to a sudden eelebson-potential magnetic energy.
Observationally, one of the most important parameters Yafuating non-potential magnetic energy
is the magnetic shear computed from vector magnetogranan(Zh001). Magnetic shear is defined as
the excess of the observed azimuth of the vector field oveazimuth of the potential field calculated
from the observed distribution of magnetic flux (Hagyard 408t has been found that the magnetic
shear may decrease, increase, or remain unchanged afesr dlecur (Wang 1992; Ambastha et al.
1993; Chen et al. 1994; Wang et al. 1994, 2004; Li et al. 20)04,puzzling result is that the magnetic
shear around the flaring magnetic polarity inversion link)Pnay actually increase after flares (e.g.,
Ambastha et al. 1993; Chen et al. 1994; Wang et al. 1994),iwégems to indicate energy buildup,
rather than release. This result poses a contradictiorméraquirement of releasing magnetic energy
to power flares.
The magnetic shear is sometimes estimated from flare looffeeorfootpoints (FPs). In order to

distinguish the difference, this kind of shear is defineda®fshear (Ji et al. 2007). By estimating mag-
netic shear in this way, several authors have reported lessad flaring structure after flares (Masuda
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et al. 2001; Asai et al. 2003; Bogachev et al. 2005; Ji et @62@hou et al. 2008). For the tendency
for unshearing, it is believed that the outer magnetic fiieled are less sheared than the inner field lines
(Moore et al. 2001). Using high-cadencg bbservation for an M-class flare at the GanYu Solar Station,
Ji et al. (2006) reported that the flare shear has a steadgatecduring the flare despite the rather com-
plex moving patterns of optical, radio and hard X-ray (HXR)ces of the flare. Furthermore, for that
event, the time profile for the rate of change of flare sheashearing rate) seems to be correlated
with the flare’s HXR emissions. On the time profile, there appeany fine temporal structures whose
physical significance needs further investigations witihkguality data.

It can be seen from the above brief introduction that theteadly exist two kinds of shears that
account for the non-potentiality of the magnetic field dgrftares: magnetic shear and flare shear.
The two kinds of shears may correlate with each other or hgseyaical relationship. However, this
correlation/relation has never been revealed from obfensa

With the above motivation, in this paper, we analyze an MBaflwhich occurred in active region
NOAA 10044 on 2002 July 26. The flare shows a strong shearintipmalong its ribbons and it is
associated with the rapid emergence of highly-sheared etizghux. Tan & Ji (2006) reported that there
was a rapid drop in electric currents associated with thie flehey proposed that the reconnection site
of this flare should be near the photosphere. All of the abeatifes provide us with a good opportunity
to investigate the relationship between magnetic sheaflareshear.

2 OBSERVATIONS

We use vector magnetograms observed by the Digital Vectgniéagraph (DVMG) of BBSO to eval-
uate magnetic shear. At BBSO, a Ca | line at 6208 used to obtain vector magnetograms with a
1 minute cadence. The hardware and other details of DVMG baes described by Spirock et al.
(2002). For the vector magnetograph, the line-of-sightme#ig sensitivity is approximately 2 G, while
the transverse sensitivity is approximately 20 G. We useatperithm developed by the BBSO group
to derive the vector magnetic field components. The accyp@déion information of BBSO's images

is determined by aligning with MDI continuum images, taksumspots as references. The accuracy of
the alignment is about’2 To resolve thé 80° azimuth ambiguity, we use a method developed by Moon
et al. (2003). The results are additionally checked by uaingethod developed by Metcalf (1994). We
find that both methods give agreeable results for this aotigion (Tan et al. 2006).

We use 1706 images observed by TRACE to analyze the flare ribbons’ nmoti@ne important
advantage of space data is that it is free from the effecte@hg, which is crucial for studying fine
temporal structures. A TRACE 17@0image is dominated by UV continuum { 10 x 103K ), resem-
bling a visible image of the temperature minimum taken in@iebandhead or the wings of the K line
(Handy et al. 1999). On TRACE 17@0images, the flare has two ribbons. We use the center-of-mass
method (CoM) to determine the centroid positions of flar&oitis (Ji et al. 2004), using background-
subtracted images. For comparison, we also take the 50%wolitie as the threshold to compute the
centroid positions of the ribbons. For this flare, there isaturation in TRACE images. For TRACE
images, sometimes there may be a small error in pointind W& help of MDI continuum images, we
use TRACE white light images taken during the flare to deteentiie accurate position information of
TRACE 1700 images. The accuracy of the alignment is abdut 2

The Reuven Ramaty High Energy Solar Spectroscopic ImageESS) had good coverage of
this eventRHESS was designed to investigate particle acceleration andygrretease in solar flares
through imaging and spectroscopy of hard X-ray/gamma-cayicua emitted by energetic electrons
and ions (Lin et al. 2002). The spatial resolution is as fine-&3 arcsec and the time resolution for
constructing images with sufficient counts is several sdsoWe use the CLEAN (Hurford et al. 2002)
reconstruction algorithm to make HXR maps. The integratiime for making a CLEAN map is 20s.

3 RESULTS

This flare is impulsive and is of Geostationary Operatiomalitbnmental SatelliteSROES) soft X-ray
importance M1.0, lasting- 12 minutes. Figure 1 displays the flaring process, as obdémtae H, line
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Fig. 1 Evolution of the flare in H line center images observed at BBSO. The thick black coatwur
panels a-d are frorRHESSIclean maps in the energy range of 12-25 keV. The thin blackwanite
contours in panel a represent the positive and negativétimigal magnetic field.
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Fig.2 a—c: Time sequence of BBSO StoKeisnages showing the evolution of the active region. The
formation of the satellite sunspot is pointed out by thewasrin panels a and c. The dashed white
contours in panel b show the site of hard X-ray emission iretinergy band of 12-25 keV as observed
by RHESS. d-f: Time sequence of BBSO vector magnetograms shows thleten of the magnetic
field corresponding to the formation of the sunspot. Thedsarid dotted contours (emerging) represent
the positive and negative longitudinal magnetic field, eesipely. The levels of the contours atd 00,

+300, £500 and+700 G, respectively.
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center at BBSO. The two kernels of the flare are mingled tagdfig. 1e-f). There was a surgel10
minutes after the onset of the flare (Fig. 1).

There is only one HXR source throughout the flare. The singi®dource is not co-spatial with
the initial H, brightening patch (Fig. 1a). There is an offset of over 6 ecdsetween them at the very
beginning of the flare. We suppose that the HXR source is athevsite of the I emission. Thus, the
single HXR source can be regarded as the kind with loop-tapsam.

Figure 2a-c show three BBSO Stokemages during the flare, from which we can see the formation
of a small satellite sunspot, whose position is pointed gu@rbows in panels a and c. The region selected
for a detailed analysis of vector magnetograms is markedvalyige rectangular box in Figure 2c.

Figure 2d-f show three corresponding vector magnetograrttsei boxed region in Figure 2c. We
can see that the satellite sunspot is of negative (leadiol@yity. From the contours (see: red contour
in Fig. 2d-f) of the negative longitudinal magnetic field¢én be seen that the emergence is very rapid.
From the transverse component shown by the vectors on theet@grams, we can see that the original
leading flux and, especially, the newly-emerged flux arellgigheared.

The time profile of the normalized mean intensity within tlos lobtained from the Stokésmages
is shown in Figure 3a. In Figure 3, a vertical dotted line rsattke starting time (18:57:30 UT) of
the flare, as determined from tHRHESSIlight curve in the energy band of 12-25keV. The mean
intensity around the satellite sunspot (top panel) drop&lhaafter the onset of the flare, showing that
the formation of the satellite sunspot is very rapid.

The negative and positive magnetic fluxes within the regenrela rapid increase and rapid decrease
respectively (Fig. 3b-c) (also see Tan & Ji 2006). The charmge permanent aridmages clearly show
the formation of the satellite sunspot. Therefore, it iskel) that they are caused by flare-induced line
profile changes (Patterson et al. 1984; Ding et al. 2002) rdpiel, permanent, and imbalanced changes
of the magnetic field during major solar flares have been teda@nd studied by many authors (Wang
et al. 2002; Spirock et al. 2002; Yurchyshyn et al. 2004; $etal. 2005). This flare is a much weaker
event compared with those flares associated with rapid ntiagrenges.

Because the flare is located near the center of the solarwleskeglect the projection effect (Li
2002). Using the Green’s function method (Chiu & Hilton 19A%e computed the potential field in
this active region and got the magnetic shear values by congpihe observed transverse field with the
computed potential transverse field. The value of magnk#arshas a corresponding enhancement, as
shown in Figure 3d. The rapid enhancement for the magnetiesland magnetic shear begins at around
18:59UT and ends at 19:04 UT, which are marked by two dashed In Figure 3.

Figure 4 gives the flaring process on the 1A0hages observed by TRACE. We can see that the
flare is a small two-ribbon flare. The EUV emission of the flanenes predominantly from the two
boxed regions in Figure 4b. The time profiles of the two regi@mission strongly correlate with each
other and the correlation coefficient is found to be over 8.@9g. 5). Furthermore, there is only one
dominant kernel in ribbons al and a2 respectively, judgenhfthe brightness contours of the ribbons
(Fig. 4b). Therefore, the two small ribbons can be regardea pair of conjugate ones. We computed
the centroids of the two ribbons in the boxed regions in Féglly with the center-of-mass method.

There is a strong shearing motion parallel to the neutral limaddition to a separation motion.
With respect to the neutral line, the distance between the&@es of the two ribbons is decomposed
into two components, which are perpendicular and paralléhé neutral line respectively. From the
perpendicular component, we can get the usual separatiborm@dhus, we will use separation motion
to refer to the perpendicular motion. For the parallel congrg, we will use shearing motion and
shearing distance. The flare shear is the angle formed bg adinnecting the centroids of two conjugate
flare ribbons and the line perpendicular to a simplified relitie separating the two ribbons (Fig. 4c).
As we will see, the value of flare shear is mainly affected leyshearing motion.

Firstly, we use background-subtracted images to competeehtroid positions of flare ribbons.
The results are given in Figure 6. The time profiles of the shgalistance (parallel distance), the flare
shear and the perpendicular distance are shown in Figuce Bae lengths of the error bars are equal to
the standard deviation computed from pre-flare phase imagjag the same boxes. Both the shearing
distance and the flare shear share a similar time profile, isigo&vdominant shearing motion in this
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Fig.3 Time profiles for a number of quantities. a: Normalized mezterisity around the satellite
sunspot obtained from BBSO Stokksnages, which is in the boxed region in Fig. 2c. b-c: Negative
and positive magnetic fluxes, which are obtained within théewbox in Fig. 2c. d: Magnetic shear. The
dotted line indicates the starting time of the flare, whike tivo dashed lines indicate the period of rapid
emergence of the sheared magnetic flux.

flare. Also, the value of the flare shear is consistent withdilhection of the transverse magnetic field
(Fig. 2d-f). When magnetic shear and magnetic flux begin t@ lzarapid change at about 18:59 UT,
flare ribbons have a simultaneous impulsive shearing motidwich enhances shearing distance and
flare shear considerably. The enhanced shearing motioniidyncaused by ribbons al, which move to
the site of flux emergence. The moving direction is indicdgdn arrow in Figure 4a. This phenomenon
shows that, during the initial phase of the flare, flare steeapidly built up in accordance with the en-
hancement of magnetic shear. It is worth mentioning thdgreel 8:58:40 UT, the flare shear decreases
slightly (Fig. 6a-b), showing the signature of relaxatidm@re-existing sheared magnetic field.

After the rapid increase, the flare shear decreases, whitlbeaseen from the time profiles of
the shearing distance as well as the flare shear (Fig. 6ahiy) .clearly indicates the relaxation of the
sheared magnetic field. Furthermore, the decrease of flaar & highly fluctuated. The fluctuation
occurs during the period of the enhancement of magneticr ghed8:59 — 19:04 UT). During this
period, both build-up and relaxation of magnetic shear m@gxist, giving rise to the second larger
HXR peak (Fig. 6e). After~ 19:04, when the magnetic shear stops increasing, thereaeppevery
smooth decrease of the flare shear, showing a pure relaxatiba sheared magnetic field.

As mentioned above, there appeared a single HXR sourcevalitskyRHESS . The HXR energy
range is up te- 50 keV. The red contours overlaid in Figure 4 show the pasiiche HXR source in the
energy range of 12-25keV. From its relative position to theeffibbons (Fig. 4a), we can classify the
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Fig.4 TRACE 1700A images for the flare. In panel a, the solid and dotted whitgmars represent
the positive and negative longitudinal magnetic field, vehlevels aret-100, 300, 500, and+700
Gauss. The arrow in panel a indicates the emerging flux remidnthe moving direction of ribbon al.
Red contours are HXR emission in the energy range 12—-25 kiellé Wue contours are HXR emission
in the energy range 25-50 keV. Black contours in the two nilsb@anel b) are 50%, 60%, 70%, 80%
and 90% of the maximum value of the two ribbons.

HXR source as a loop-top source. Only during the period atdi@n02 are we able to make a CLEAN
map with an unambiguous source in the energy range of 25 \60ke source of HXR emission at 25—
50keV is spatially within the emission range at the lowerrgpeange (blue contours in Fig. 4d). The
HXR looptop source at the higher energy range is explainédbgnig & Brown (2004) by employing
a coronal thick-target model. For this event, it is poss#iee there is a C-class pre-flare, the coronal
loops should be dense with evaporated plasma.

From Figure 4, we can see that the HXR source has an appardéonmmbhe motion with respect
to the ribbons’ separation motion would be interesting, astiwned by Ji et al. (2004, 2006). Using a
tool provided byRHESS software (Image Flux ilRHESS GUI), we measured the centroid position of
the loop-top source. However, it is difficult to determine tieight of the loop-top source. We measured
the distance from the centroid of the loop-top source to i that connects the centroids of two
initial TRACE flaring ribbons, taking it as a projected heighhe time profile for the ‘height’ of the
loop-top source is given in Figure 6d. From the time profil¢haf perpendicular distance (Fig. 6¢), we
can find that there appears an inward (converging) motioarbehe ribbons move apart. The curve
of the perpendicular distance is well correlated with theight’ curve of the HXR loop-top source.
Based on previous results madeRYESS and other instruments (Sui et al. 2003, 2004; Ji et al. 2004,
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Fig. 6 Time profiles for a number of quantities. a: Parallel diseatghearing distance) between the UV
ribbons. b: Flare shear. c: The perpendicular distancehd:fieight’ of the HXR source at 12—-25 keV.

e-f: The HXR emissions in the energy range of 12-25 keV and@%eV. g: Perpendicular speed. h:
The rate of change of the flare shear. As in Fig. 3, two dashmess lindicate the period of the rapid

emergence of the sheared magnetic flux.

2006; Veronig et al. 2006; Li et al. 2005, 2006), the HXR seumtay have a downward motion and a
subsequent upward motion.

From time profiles of the perpendicular distance and the §hear, we derive separation speed and
the rate of the change of the flare shear. The results aregliott-igure 6g-h. For comparison, we plot
the light curves of HXR in the energy bands of 12—-25keV andb®3eV in Figure 6e-f. Firstly, it can
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be seen that the separation speed (Fig. 6g) is somehowated&lith the HXR emissions, especially in
the energy range of 12—-25keV. This confirms earlier resudtderby a number of authors (e.g., Wang et
al. 2003). Furthermore, there also appear a number of pestkeedime profile of the rate of the change
of flare shear (Fig. 6h). There are three peaks, which arealiele the noise level and labeled as 1-3.
Both peak 2 and peak 3 can be found to be temporally correlgitadhe HXR peaks at 12—-25keV as
well as at 25-50keV. Peak 1 is only correlated with a HXR pedlka25 keV.

For comparison, we computed the centroid positions of the Ekbons using the 50% contour as a
threshold. This actually gives the positions of flare kesnpehich reflects the process of a higher energy
range. The results are shown in Figure 7. From the time priufil¢he rate of change of flare shear
(Fig. 7c), we can see that: 1) peak 2 still exists while peakdomes weakened and peak 3 vanished,;
2) there appear two additional peaksind 3, which are seen to be correlated with two HXR peaks at
25-50keV.

The correlation further shows that the magnetic reconoeati the sheared magnetic field plays an
important role in powering the flare, even in powering a higkrgy process. Here, it is worth noting
that the highest peak on the unshearing curve, peak 2, is 8k€ad of the corresponding HXR peak.
A detailed comparison with high-cadence observationstélhelpful for understanding the unshear-
ing motion in powering high energy processes in flares. Galyespeaking, we can conclude that the
magnetic reconnection of this flare occurs in a highly-skeéanagnetic field created by the rapid flux
emergence.
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Fig. 7 a: Time profiles for the flare shear. b: The HXR emission in thergy range of 25-50 keV. c:
The rate of change of the flare shear. The flare shear in thisefigas computed using a 50% contour
as a threshold.
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4 DISCUSSION AND CONCLUSIONS

Using multiwavelength analysis, we analyzed an M1.0 chassribbon flare, which occurred in active
region NOAA 10044 on July 26, 2002, with an emphasis on thatimiship between magnetic shear
and flare shear. The magnetic shear is computed from vectpnetegrams observed at BBSO, while
the flare shear is computed from TRACE 17?00nages. The relationship between magnetic shear and
flare shear can be summarized as follows:

1) We found that the magnetic shear and the flare shear ofuéig are basically consistent. The di-
rection of the line connecting the centroids of the two ribd consistent with the overall direction
of the transverse magnetic field. Such a consistency is dtheettact that the spatial scale of the
flare is small and the flare loops are adjacent to the photosphkerefore, the direction of the flare
loops is consistent with the overall direction of the traarse magnetic field.

2) During the period of the enhancement of the magnetic shddach took about three minutes, the
flare shear had a fast increase (less than one minute) falbye fluctuated decrease. Unlike the
behavior of the flare shear, whose enhancement was finalliceekl the increase of the magnetic
shear seems to be permanent.

3) When the magnetic shear stopped its enhancement, thesitadtdecreasing behavior became very
smooth.

4) We find that the HXR spikes are well correlated with the @wasing peaks on the time profile of the
rate of the change of the flare shear.

According to formula (14) given by Ji et al. (2007), we can st the tangent of the flare shear is
proportional to two factors: the force free parameteand the height scale factor! of the magnetic
field. The emergence of the sheared magnetic field will erdndéimea value and, thus, the value of
flare shear. The release of magnetic energy in the coronaeadlilice the value of the height scale factor
~~1. This shows that flare shear can reflect the dynamic procetbg otlease of magnetic energy in
the corona. Magnetic shear only reflects the driving protress the photosphere, whose time scale is
usually much longer. According to the formula (12) given bgtlal. (2007), the flare shear is directly
related to free magnetic energy. So, the unshearing peaktharsignature of rapid release of free
magnetic energy.

The time profile of the perpendicular distance shows thainduhe initial phase of the flare, there
is a significant inward (converging) motion for the flare ils before they move apart. Meanwhile,
the HXR looptop source has a well correlated downward andesyent upward motion. Ji et al.
(2007) reported that the flare shear was decreasing thrbegiontraction phase to the expansion phase.
However, in this event, the flare shear increased first anddbereased. Based on the above discussion
and the behavior of magnetic shear, we can say that the sei@alare shear in the initial phase is
caused by the increase of magnetic shear.

All of the above shows that flare shear can be an importantypetea for studying flare dynamics,
especially when it is combined with magnetic shear. Needess, we need to analyze more events,
especially those two ribbon flares with small spatial sgatestudy the relationship between magnetic
shear and flare shear. We will carry out similar studies im#aa future. Further investigations will be of
a statistical nature, including the estimate of free magmetergy for different flares using formula (12)
given by Ji et al. (2007).
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