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Abstract With the aim of studying the relationship between the reéathotions of
the loop-top (LT) source and footpoints (FPs) during thmnggphase of solar flares,
we give a detailed analysis of the X7.1 class flare that oecuon 2005 January 20.
The flare was clearly observed BHESS, showing a distinct X-ray flaring loop with a
bright LT source and two well-defined hard X-ray (HXR) FPspémticular, we correct
the projection effect for the positions of the FPs and mdgpetiarity inversion line.
We find that: (1) The LT source showed an obvious U-shapeddi@jy. The source
of the higher energy LT shows a faster downward/upward sgegd he evolution of
FPs was temporally correlated with that of the LT source. ddmverging/separating
motion of FPs corresponds to the downward/upward motioh@tT source. (3) The
initial flare shear of this event is found to be nearly 50 degrand it has a fluctuating
decrease throughout the contraction phase as well as tlengiop phase. (4) Four
peaks of the time profile of the unshearing rate are found teiporally correlated
with peaks in the HXR emission flux. This flare supports theraleontraction pic-
ture of flares: a descending motion of the LT source, in agidito converging and
unshearing motion of FPs. All results indicate that the netigriield was very highly
sheared before the onset of the flare.

Key words: Sun: activity — Sun: magnetic fields — Sun: flares

1 INTRODUCTION

In recent years, we have seen a kind of contracting motiorane fbops during the rising phase of
many solar flares. Using X-ray observations made by the RaHigh-Energy Solar Spectroscopic

x Supported by the National Natural Science Foundation ofi&hi



Contracting and Unshearing Motion of the Flare Loops 527

Imager RHESS) (Lin et al. 2002), Sui & Holman (2003) firstly reported a desding motion of
the loop-top (LT) source in the M-class flare on 2002 April Ebllowing this result, many other
events have been reported to show altitude decreases i theurce, or even contracting motions
of entire Ultraviolet/Extreme Ultraviolet (UV/EUV) flargnloops (Sui et al. 2004; Li & Gan 2005,
2006; Veronig et al. 2006; Joshi et al. 2009). This kind ofrpimaenon can still be well explained
in the framework of common flare models. For example, the efediog motion of the LT source
was explained as the formation of a current sheet in the frnarieof the standard flare model based
on the temperature structure between the LT source and thealesource (Sui & Holman 2003).
Some other models can also be used to explain the descendiianrof the LT source, linking the
shrinking of a cusp structure to a round shape (Forbes & Atf896) and collapsing magnetic trap
(Veronig et al. 2006).

One obstacle to the above or similar explanations is theergitvg motion between flare conju-
gate kernels, which was found to occur simultaneously wighdescending motion of the LT source
(Ji et al. 2004, 2006, 2007; Zhou et al. 2008; Liu et al. 2008 reported converging motion be-
tween flare kernels is a kind of unshearing motion and is deEghas a signature of energy released
by magnetic reconnection in a sheared magnetic field or eetwaghly sheared flux ropes (Ji et al.
2007, 2008). Joshi et al. (2009) reported a long duratiothl min) contraction of flare loops for the
M 7.6 flare on 2003 October 24. The contraction obviouslyidek a short term converging motion
between hard X-ray (HXR) footpoints (FPs). They employeda&connection model (Somov et
al. 2002) to explain this phenomenon. From this model, theveming motion between HXR FPs
can be reproduced. Therefore, whether there is a correlaéitween the converging motion of HXR
FPs or kernels and the descending motion of the LT sourceey éktor to determine the physical
mechanism of energy release in the rising phase of solasflear this kind of correlation, the de-
tailed case studies in the literature are rather rare. Tasorefor this is that the LT source of disk
events or FPs of limb events inevitably suffer from the petigm effect. Furthermore, HXR FPs are
often missing in the rising phase of flares due to insuffigrdtons in higher energy bands.

Using high-cadence observations of the blue wing in an M-class flare taken from the Ganyu
Solar Station, Ji et al. (2006) reported that the time prdfilthe rate of change of flare shear (un-
shearing rate) seems to be correlated with the peaks of HXBsams. By analyzing the motion
of UV kernels with high-quality 1608 images observed by the Transition Region and Coronal
Explorer (TRACE) of a flare on 2002 July 26, Zhou & Ji (2009) reported that thakgein the
unshearing rate of the flare shear are correlated RHESS HXR emission peaks. This kind of
correlation strongly suggests that free magnetic energgléased by magnetic reconnection inside
sheared magnetic fields. For this kind of correlation, we aked more detailed case studies.

With the above motivations, we analyze the X 7.1 limb flare 66%2January 20, focusing on
the morphological evolution of X-ray sources. In Section@give a short review of the published
results for this flare and the related observations. We pteise results in Section 3, and summarize
the results in Section 4.

2 OBSERVATIONS

On 2005 January 20, a strong two-ribbon flare occurred in ttevearegion NOAA 10720
(N12w58). The flare is classified as X 7.1 according to ®@@ES system, and is one of the most
famous flares in solar cycle 23 because of its extremely gtrapact in terms of terrestrial measure-
ments. It caused unprecedented very hard high-energyrpestoancement that was near the Earth,
including the second largest ground-level enhancemerdsrh ray intensity in observational his-
tory (Simnett 2006). The flare also showed pronounced gamapamissions with a photon energy
of up to 200 MeV (Hurford et al. 2006; Krucker et al. 2008). Marapers have appeared discussing
this event, concentrating on the nature of high-energygbestproduced by the flare. Detailed tim-
ing analysis showed that high energy protons were accetetay the flare itself (Simnett 2006;
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Grechnev et al. 2008). Grechnev et al. (2008) gave a compsafeemulti-wavelength analysis of
this flare. Though still emphasizing the nature of energetiticles, they also reported that the mag-
netic elements of the active region producing this flare nndet a notable shearing motion along
the neutral line. By giving a detailed multi-wavelength lgs& with an emphasis on vector mag-
netograms taken by the Huairou Solar Observing Station,gvédral. (2009) found unambiguous
rapid enhancement of horizontal magnetic fields during tire flThey also reported the emergence
of highly-sheared magnetic fields in the active region keethe flare.

This event was detected by many spacecraft and ground-tsatmdobservatories. The soft
X-ray (SXR) fluxes of this flare were recorded GYDES.

Figure 1(a) shows the SXR fluxes at 0.5-4 and A-Bhese fluxes show that this flare was a
typical long duration event, lasting about 1 hour (06:3030WT). The flux of 0.5-4 gradually
rose and reached a peak at 07:01 UT, followed by a long deéngeiend. This event was also well
observed bRHESS (Lin et al. 2002). Figure 1(b) shows tiRHESS lightcurves at different energy
bands. The time resolutionis 4 s, which corresponds to timggpiod of theRHESS spacecraft. The
HXR lightcurves & 25 keV) started rising from 06:39:00 UT, rapidly increasedciro6:42:00 UT,
and reached the main peak around 06:45:00 UT.

2.1 The Evolution of the LT Source and FPs

Using theRHESS data, we make a series of maps at several energy bands tdaithie detailed
evolution of this flare. The maps were reconstructed wittGhEAN algorithm (Hurford et al. 2002)
using front detector segments 3-8 with a natural weightahgme.

Figure 2(a) shows an overall picture of this flare with HXR ssions at 10-15, 25-50, and
50-100keV overlaid on a magnetogram observed by the Michdoppler Imager on board the
Solar and Heliospheric Observatory (SOHO/MDI). The X-ranages were made at 06:40:00 UT.
The magnetogram was taken at 06:03 UT, and was rotated t®:06:UT. The dash-dotted line
represents the simplified magnetic polarity inversion ([iRl.). From Figure 2(a), we find that two
compact HXR sources (25-50/50-100keV) lie in the regiorth wh opposite magnetic polarity
field, and are connected by an obvious X-ray loop (10-15ka&¥g two HXR sources at higher
energies are two conjugate FPs. In Figure 2(b), we overgotours of X-ray emissions at en-
ergy bands of 25-50 and 50-100keV and the contours of AG@fissions on a whitelight image.
Both 16004 and whitelight images were observed by the Transition &egind Coronal Explorer
(TRACE). The 160@ images show that this event is a typical two-ribbon flarenfFthe whitelight
images, we can see that the active region is composed of tviro snaspots with some satellite
spots. Compared with Figure 2(a), we find that the southertiiarn sunspot has positive/negative
polarity. The HXR FPs are located on the edge of an umbra eEdedavith the main sunspots, and
are situated over the outer edge of two bright 180tbbons (Krucker et al. 2008).

The flare at different energy bands exhibits different gppatructures and evolutionary patterns
(Fig. 3). The flare at 10-15 keV shows an obvious loop strectith a bright round tip, which
can be regarded as an LT source. The flare loop is asymmeégiootrthern leg is apparently shorter
than the southern one. The legs slowly disappear in an upsaaction while the LT source remains
compact and bright. The LT source has a noticeable motioar@Vewer altitudes during the rising
phase, and then moves upward. The main featuRHESS images at 50-100 keV is represented
by two well-defined FPs. The first footpoint appears in a negahagnetic field at-06:39:48 UT,
and another footpoint develops in a positive magnetic fi€ld later. The sequence of activity is
described as follows. The northern footpoint (NFP) movetthé&oeast, with its trajectory of motion
roughly parallel to the PIL. The southern footpoint (SFP)dtaneously showed movement from
the southeast to the northwest. At 06:56 UT, another weaa@pbint appeared to the east of the
NFP, lasting for 3 min, and then quickly disappeared (Fig))3From 07:00 UT, the NFP had an
obvious separating motion to the northeast in the direatiarghly perpendicular to the magnetic
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Fig. 1 GOESandRHESS light curves. (aGOES0.5-4 and 1-@ fluxes. (b)RHESS light curves
obtained in four energy bands with 4 s integration: 3—-d#&stf-dotted), 10-25 (lash-dot-dotted),
25-50 @ashed) and 50—-100 keVplid). The vertical dot-dashed lines mark the time range for the
missing HXR FPs.

PIL, while the SFP had a slight separating motion. The maatufes at 25-50 keV were quite
similar to those at 50-100keV reported above. Accordingitmute 3, from~06:40:06 UT, two
distinct FPs at 25-50 keV appeared at the same positionsses # 50—100 keV. Moreover, another
bright source could be observed at the top of the flare looiwdnly remained for about 1 min then
quickly disappeared (Fig. 3(b)). After 6 min, this sourcadyrally re-appeared at the same position
(Fig. 3(f)). Meanwhile, the FPs moved toward this source gradiually became weaker. Finally,
this source mixed with FPs, and developed into the loop. ®bp With the bright top source lasted
20 min then gradually disappeared. From 07:10 UT, two distiiPs appeared, and their positions
and motions were similar to those at 50—-100 keV. Accordingigure 5(a), the HXR emission
light curve has a peak during the interval from 07:10 to OAP0 This peak of HXR emission
indicates the tide of magnetic reconnection. We, therefogkeve that the re-appearance of the FPs
is associated with this peak. The FPs can also be found imtagéds at 15-25 keV, but only during
the last~ 1 min.

In general, the lower X-ray energy emission dominates the fteop while higher X-ray energy
emission appears as FPs. Itis very rare to observe an HXRlawpt al. 2006; Ning & Cao 2010).
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Fig.2 An overall picture of the flare in multiple wavelengths. (d)eTcontours of X-ray emission
at 10-15 plack, 06:40:00-06:40:12 UT), 25-5@¢low, 06:40:00-06:40:20 UT), and 50-100 keV
(red, 06:40:00-06:40:30 UT) overlaid on the MDI line-of-sighagmetogram (06:03:00 UT). (b)
Contours of TRACE UV 1606 (blue) emission andRHESS X-ray emissions (25-50/éllow) and
50-100 keV (ed)) overlaid on the TRACE whitelight image. All images areatetd to 06:40:00 UT.

We assume that this phenomenon is caused by unusually sttongiospheric evaporation. Liu

et al. (2006) found a flare showing HXR emission from the fla@pl and noticed a movement in

the centroids of the HXR sources from FPs to the LT sourcey Tegarded this phenomenon as
evidence of chromospheric evaporation. Jin & Ding (200&)yared the flare described in this paper
and found that the density of the loop legs increased. Thafiaegthe existence of chromospheric
evaporation.

2.2 Relationship between the LT Source and FPs

The main point of this study focuses on the relationship betwthe motion of the LT source and
the FPs. We use the centroid of the LT source and FPs to antlgzaotions in detail. For the LT
source, we select a region, in which the top of the flare LT aaertiirely included during the whole
flare process. We use emission of all pixels above 80% of thk fdex in the selected region to get
the centroid of the LT source. For computing the centroidsRd, we only choose the images that
have two distinct FPs and select two boxes which can encaizs The centroids of HXR FPs are
also computed using the emissions of all pixels above 80%eopeak value in the selected regions.

We overlay the centroids of the LT sources (10-15 keV) andRRe (50-100 keV) on a
SOHO/MDI line-of-sight magnetogram in Figure 4. The colepresenting time is used to indi-
cate the trajectories of the LT source and FPs. From Figutieedmotion of the LT source shows
a clear early descending and later ascending motion. Thelkd®g a converging motion along the
magnetic PIL firstly in the antiparallel direction, and thesparated from each other. According to
the kinematics of the LT source and FPs, we can divide the fflareess into two main phases. The
cutting point is around 06:45 UT, corresponding the maxinphase of the flare. The first phase,
from 06:30 to 06:45 UT, is called the contraction phase, ancharked by the downward motion
of the LT source and converging motion of the FPs. After 0845 the motions of the LT source
and the FPs are the same as the prediction of the classi@hiladel. This phase can be called the
expansion phase.
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The projected position of the LT source can still be used fwess the height of the flare loop
(Sui & Holman 2003). Here, the altitude is defined as the distaalong the main axis of the motion
of the LT, between the centroid of the LT source and the cesftarline connecting two conjugate
FPs at 06:45:10 UT at 50-100 keV (Veronig et al. 2006; Joshi.e2009). The main axis of mo-
tion for the LT source is determined by fitting a line to thetceids of LT sources (Veronig et al.
2006). In our case, the main axis is offset from the radiaation by 23.2 degrees toward the west
(Fig. 4). Because this flare occurred at the west limb, thé&ipas of magnetic PIL and HXR FPs
are seriously affected by the projection effect. We havedadform their positions as if the flare

were observed at the center of the solar disk.
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Fig. 4 Centroids of theRHESS LT sources at 10-15 keV and the FPs at 50—100 keV are overtaid o
an MDI longitudinal magnetogranbl@ck: negative polaritywhite: positive polarity). The evolution

of HXR images is from 06:30 to 07:26 UT. The MDI image, take®@03:30 UT, was rotated to
06:50 UT. The white line is the fitting line to the centroidsL.dfsources.

The time profiles for the altitudes at three energy bandslateeg in Figure 5(b). For compari-
son, the corrected HXR time profiles at different energy Isaard plotted in Figure 5(a). We find that
in the rising phase of the flare, the LT sources observed 41,8015 and 15-20 keV energy bands
are almost co-spatial (or spatially mixed) and descend sifttilar speed, ranging from 5.38 km's
(6-10 keV) to 6.76 kms' (15-20 keV). Meanwhile, the time profile of the distance leswthe
two FPs at 25-50 keV, after correcting for the effect of pctgn, is plotted in Figure 5(c). It clearly
shows that the contraction of flare loops consists of theateting motion of the LT source and the
converging motion of the two conjugate FPs.

It is worth noting that the spatial evolution of the LT sourseather complex from 06:40 UT
to the expansion period: the height of flare loops undergogscand decrease, starting at about
06:43:00 UT. The second contraction can be seen from Figbje-&) (see the vertical dotted line).
It is worth noting that the second contraction starts wit iising time of the gamma ray emission
of the flare & 300 keV, Fig. 6(a)).

During the contraction phase, X-ray sources are all mixgetteer, which confirms the earlier
findings by Shen et al. (2008). They explained this as theasiga of reconnection between sheared
flux ropes. During the expansion period, the temperatutestre of the flare loops shows a well
ordered distribution, i.e., a higher temperature sourdedated above a lower temperature source
(Fig. 5(b)). This result also confirms earlier works by Liua¢t(2009) and Shen et al. (2008), and
it is in agreement with what the standard flare model prediktssite where energy release occurs
is above the flare loop. We also find that the flare loop at a highergy band moves upward faster
(14.5km s! at 15-20 keV) than that at the lower energy band (8.16 khne$ 610 keV) during the
expansion period. Moreover, the ascending motion of thecgoof the LT in the flare as observed in



Contracting and Unshearing Motion of the Flare Loops 533

107 T \ 3
L d | i
10% = ‘ |
= | B
. '
=
= 1.
S v,
€] .
© :
A
o
|
|
45 T T T ]
b | ‘ oo o3
F IR o RPN
> 40— | ) &QQQQ QQQQ*@?;J’%&% &*H
% = ! o X0 % T T S
C | o oa o0 xx xR % +y ]
8 35 N | «® **’2{%*& ;: wh ++++++++ My -
S L. o o &8 x KRR P !
" C% o | oK *&%"Jr B s ]
30+~ ° g * + : —
= ﬁf @tﬁi | %Qo&o *ﬁ&%f#* . B
K=l e ;3*9**5**@%%% + o % ¥ ot + Ry 7
E 250++ F s * o 0% 2 g’:% ++++++ A -
N o R OF XW#Jr H ]
L +0 ++***§.ék [l oS iy ]
[* © %;%* ox * g %%%”r ]
20 E -
L | | [ | | | | i | |
70 T T ‘ T T T T T T T
> [ c , 1
® ol % ]
5o eor | 7
(- L ® |
2 b S ]
L - i
c 50 ' |
.0 C ZO | : 3
= C kel . 2 |
o L o & Y %%% & ol
o £ L &Ko $® 00 I
a o S ' % °Z]
) C 8% (RS s
%) C | %i o © i
0 I K ]
e I L I I i 3
06:30 06:40 06:50 07:00 07:10 07:20
Time (UT)

Fig.5 () RHESS HXR light curves obtained in four energy bands with 4s inéign: 25-50 dash-
dotted), 50-100 @lashed), 100-300 @otted) and 300-500 keVsplid). (b) Evolution of the height of
the LT source as obtained at 6—10 keWagk pluses), 10-15 keV blue stars) and 15-20 keVred
diamonds). (c) The separation of the FP sources in 25-50 keV. The ddgie marks the starting
time of the second contraction process. The dotted line sk starting time of the re-appearance
of HXR FPs.

higher energy bands=(10 keV) has an obvious deceleration. The deceleration statftshe rising

of HXR emission at 07:10 UT, corresponding to the startimgetiof the third period in Figure 1.
The reduced ascending speed has shortened the obvious $egigination among the LT sources at
different energies. This phenomenon is in agreement wiHittdings made by Liu et al. (2006).

2.3 Flare Shear

The spatial evolution of FPs can provide additional infatiova about magnetic reconnection.
According to the definition of Ji et al. (2007), the flare shean be used to measure the shear
extent of the reconnected magnetic loops. We measure tleestear using the FPs at 25-50 and
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50-100 keV after correcting for the effect of projectiongFé(b)). Both of the time profiles describ-
ing the flare shear are similar and rapidly fluctuate, and shaecrease during the rising phase.
Su et al. (2007) presented a statistical investigation efstiear motion of the UV/EUV FPs, and
found that 86% (43 out of 50) of flares show a strong-to-weaasithange. Ji et al. (2006) ex-
plained the decrease of flare shear as the result of recooméetween strongly sheared magnetic
fields. Checking Figure 6(b), we find that the initial flare @heafter being corrected for projection,
is nearly 50 degrees. The higher initial flare shear indg&catstrongly sheared magnetic field before
the onset of this flare. For this active region (NOAA 10720k chnev et al. (2008) and Wang et al.
(2009) reported a significant shear motion of sunspots oethergence of sheared sunspots with
opposite polarities before the flare. This shear motion caate the strongly sheared magnetic field.
The variation of flare shear can reflect the kinematic prooéssagnetic energy release in
the corona (Ji et al. 2007). The peak in the unshearing ratebeaassumed to be the signature
of a rapid release of free magnetic energy. A linear fittinghwive points gives the unshearing
rate of that point. The time profiles of the unshearing ratsvatkinds of energy bands during the
contraction phase are plotted in Figure 6(c). Compared Riglare 6(a), we note that four peaks in
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the unshearing rate were correlated with HXR emission p&E3&-300 and 300-500 keV). These
results confirm an earlier work by Zhou & Ji (2009), who repdrthat the peaks of HXR emission
were well correlated with the peaks of the unshearing rate.

3 SUMMARY

Since Sui et al. (2003) found that the height of the flare loepreased during the rising phase,
the contracting motion of the flare loop has attracted modenaore attention in solar physics. The
contracting motion is mainly composed of two aspects: therdeard motion of the LT source and
the converging motion between FPs. The apparent downwatitmof the X-ray LT source or
contraction of UV/EUV flare loops has been studied in detaittany authors (Sui & Holman 2003;
Sui et al. 2004; Li & Gan 2005, 2006; Veronig et al. 2006; JileRA06; Shen et al. 2008; Zhou &
Ji (2009); Joshi et al. 2009). The converging motions of kérnels or HXR FPs are also reported
in some flare events (Ji et al. 2004, 2006; Zhou et al. 2008\ener, it is hard to simultaneously
observe the downward motion of the LT source and the corwgrgotion between FPs, because the
HXR FPs are often missing in the rising phase due to insuffigaotons in higher energy bands.
In this paper, we give a detailed analysis of the X 7.1 flare @@62January 20. This flare is a rare
strong event, showing a clear loop with a bright LT source ®vo distinct HXR FPs. Especially
in the rising phase, the HXR FPs could be well observed arnddder 6 min. Therefore, this flare
gives us a good opportunity to investigate the relationbkigveen the motions of the LT source and
the FPs in the rising phase. We also get the flare shear andacertige unshearing rate with the
higher HXR emission. Our results can be summarized as fellow

(1) There is a temporal correlation between the time proéifesititude in the LT source and that
of the distance between FPs. During the rising phase, thendavd motion of the LT source
corresponds to the converging motion of the FPs. We confiamnttiis phenomenon reflects the
overall contracting picture of a flare loop during X-ray esnis.

(2) The temperature distribution of flare loops along théaditcontraction is very irregular, show-
ing no spatial order at all. A normal temperature distribntonly exists along the path of ex-
pansion. This result confirms the earlier findings by Sheh ¢2@08) and Liu et al. (2009).

(3) Our results show that the motion of FPs, after being cbedefor projection, is the same as the
prediction of the rainbow reconnection model (Somov 19BB§tly, the FPs move toward each
other along the magnetic PIL, reducing the distance betwleem. The motions of FPs in an
antiparallel direction during the rising phase are comn®ogachev et al. 2005; Yang et al.
2009). At about 06:45 UT, the FPs passed through a “critioaitp (Somov et al. 2005), and
then the northern footpoint source departed from the magRét and the southern FP source
almost remained steady.

(4) The value of flare shear has a rapidly fluctuating decredseaging from 50 to 10 degrees. The
decrease of flare shear has been reported in many two-ribdr@s f(Bogachev et al. 2005; Ji
et al. 2006; Zhou et al. 2008; Zhou & Ji 2009; Yang et al. 200@ further find that four peaks
in the unshearing rate temporally correlate with peaks irRHX% 100 keV) emission. This
confirms our earlier work about an M 1.0 class flare (Zhou & J90

According to the above results, we suggest that the cordraeot the flare loop occurs during
the rising phase and is composed of three aspects: the doaima@tion of the LT source, the
converging motion of FPs along the magnetic PIL and the deseref flare shear. Ji et al. (2007)
gave a force-free sheared magnetic model to explain theecgimg motion in HXR FPs and the
decrease in flare shear. They believed that the magnetinmection would reduce the shear extent
of the flare arcades, and the less-sheared arcades would Bavaler height and span. This height
indicates the altitude of the LT source, and span can bederesi as the distance between the HXR
FPs. Since it is very rare to observe the HXR FPs in the risiragp of the flare, more observations
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with high temporal and spatial resolution are needed toysthid unshearing contraction of flare
loops.
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