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ABSTRACT

We report the observation of an X-class long-duration flanetvis clearly confined. It appears as a compact-
loop flare in the traditional EUV passbands (171 and 195 Aj,imthe passbands sensitive to flare plasmas
(94 and 131 A), it exhibits a cusp-shaped structure abovecata of loops like other long-duration events.
Inspecting images in a running difference approach, we fiatthe seemingly diffuse, quasi-static cusp-shaped
structure consists of multiple nested loops that repepatesé upward and disappear approaching the cusp
edge. Over the gradual phase, we detect numerous episoldep afsing, each lasting minutes. A differential
emission measure analysis reveals that the temperatuighisst at the top of the arcade and becomes cooler
at higher altitudes within the cusp-shaped structure,raonto typical long-duration flares. With a nonlinear
force-free model, our analysis shows that the event maimgives two adjacent sheared arcades separated by
a T-type hyperbolic flux tube (HFT). One of the arcades harlaanagnetic flux rope, which is identified with
a filament that survives the flare owing to the strong confiriielgl. We conclude that a new emergence of
magnetic flux in the other arcade triggers the flare, whilgtleexisting HFT and flux rope dictate the structure
and dynamics of the flare loops and ribbons during the lostiAlg decay phase, and that a quasi-separatrix
layer high above the HFT could account for the cusp-shapadtste.

Subject headingsSun: flares—Sun: corona

1. INTRODUCTION Nitta & Hudson! 2001), and in a rare case when impulsive

Solar flares are explosive manifestation of energy relemse i 21d LDE flares are ‘lumped’ together, it is impossible to pin-
the solar atmosphere. Some have a strong link to coronal masﬁ!m]OInt with certainty which flare is responsible for the CME
ejections (CMEs). Although sucdtruptive flaresare among Studi @7 Ve fl h q
the most important space weather-relevant events on the Sun, >tudies of eruptive flares have converged to a stan-

: model, which evolved from the concepts of
there are as mangonfined flarese.g.,[Andrews[(2003) re- ~dard _model, : P
ported that approximately 40% of M-class flares betweenCarmichael ((1964),| Sturrock(1966). Hirayama (1974),

1996 and 1999 are not associated with CMEs. In some rare2Nd LKopp & Pneuman| (1976).  In this model, a rising

occasions, even the most energetic, X-class flares (up ta X3 i lUX rope above the polarity inversion line (PIL) stretches
the literature) proceed without CMEs (eeta the overlying field lines, resulting in the formation of a

1998:Wang & Zhang 2007). Hence we cannot ignore con-current sheet underneath, where magnetic reconnection
fined flares, which span a wide energy range and represent eats the local coronal plasma and accelerates particles.

large population, if we are to understand the physical mecha | N€S€ two processes produce thermal conduction fronts and
nism of flares and their relationship with CMEs. precipitating nonthermal particles to heat the chromodphe

From an observational point of view, confined flares are f0Otpoints of the newly reconnected field lines. Owing to
often characterized by an impulsive light curve in soft X- thiS impulsive heating, chromospheric plasma evaporates (
rays (SXRs), indicating that cooling dominates after the in ablates) and fills the reconnected flux tubes with over-dense
tial impulsive energy release, whereas eruptive flares have'€ated plasma, which forms SXR flare loops in excess of 10

a gradual decay phase which lasts for hours, also knownMK. Once the flare loops cool down via thermal conduction
as long-duration-event (LDE) flare§ (Sheeley étal u983;and radiation, they become visible successively in cooler
Webb & Hundhauséh 1987), suggesting that energy releas%passbands and eventually innH [Kopp & Pneuman
continues after the impulsive phase. A further morpholog- (L976) further predicted a continuous rise of the reconiaect
ical distinction is that confined flares usually exhibit a sim Sit¢, due to the rising flux rope. Consequently, the newly
ple, compact loop in SXRs, and do not have a cusp-shapedec,onnecu?d field lines beneath the reconnection site have
structure as often seen in LDE flards (Shibata & Magara 2" increasingly larger height and wider footpoint seperati
2011), in which the temperature is higher near the edge ofMore recent observations confirm the overall picture of the
the cusp-shaped structufe (Tsun 1992: T$une€ 199 standard model but also demonstrate its insufficiency (see t

1CAS Key Laboratory of Geospace Environment, Department of Geo (1996,01997) and_Shibata et al. (1995) basedrohkohob-
physics and Planetary Sciences, University of Science aoHrblogy of servations. In Tsuneta (1997), a distinct X-shaped stradsu
Chz"l‘:f’" ';.eft.ei 2%092‘3' Clhi”a?grggc@,\l/’lsmeg!’-cg 4 Suite 170 observed beneath a rising plasmoid and above a bright SXR
CA 92121 Lsa e ine. esa Rim Road, Suite 170, S200D  f14:6 |oop. Inverse V-shaped hot ridges (15-20 MK) are lo-

3 Mengcheng National Geophysical Observatory, School oftEand cated above the SXR loop and below the X-point, supposedly
Space Sciences, University of Science and Technology afidCHilefei heated by a pair of slow shocks. A compact hot source at the
230026, China SXR loop top is seen in hard X-rays (HXRs), and its counter-

4 } - . . . . .
soarchace Weather Research Laboratory, Center for SolarstéaidRe- a1t associated with the plasmoid is seen in SXRs (15 MK).
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Both sources are assumed to be heated by fast (perpendic- The GOE$-class X1.9 flare occurs at N22E63 in the
ular) shocks, which form as the downward and upward re- NOAAH active region 11339 on 2011 November 3. Accord-
connection outflows collide with the SXR loop and the plas- ing to the GOES1-8 A light curve, the flare starts at 20:16
moid, respectively. This depicts a ‘complete’ X-type recon UT, peaks at 20:27 UT and gradually decays to the pre-
nection geometry. (Petschek 1964). In particular, the HXR flare level at about 22:00 UT. Normaliy such an energetic,
loop-top source is observed in several impulsive compact-long-duration event is associated with a CME, but this one
loop flares |((Masuda etal. 1994, 1995), in which SXR plas- fails to produce a successful eruption. The flaring process i
moid ejections are also detected high above the SXR loopwell recorded by the Atmospheric Imaging Assembly (AIA;
(Shibata et al. 1995). This suggests that the main energy ref emen et al 2) onboard the Solar Dynamic Observatory
lease takes place not inside the compact flare loop, as pre(SDO; Pesnell et &l. 2012). Among the six EUV channels of
viously thought (e.gl. Uchida & Shibata 1988), but above it, ala, we concentrate on the 131 A passband, which mainly
like thedLDEf_fIargsﬂ. Hence, |Lhas b?gn a(tjr%uefd that both erup-contains hot Fexx (logT = 7.0) and Fexxiil (logT = 7.2)
tive and confined flares can be explained by fast reconnectionines as well as a cool Pl (logT = 5.6) component. Simi-
|1nduc_edh§)y plasmmd ejezctllc>1rh)_(§_h1b_ata_dtLaL_199_5._S_ljlbata|ar features and processes are also observed in the 94 A pass-
|—9—%S 'I—S—b-aia—&—agﬁll hani Ita_Qh b d to tri h band, which is dominated by hot B&11l lines (logT = 6.8)
everal mechanisms have been proposed 1o trigger %Iespite a cool F& (logT = 6.1) component, but its signal-to-

glrJL:p(tg|omnﬂ,ulcn|ﬂccluSdEmIgdlte]thgegrggz u]:tltlhr;(g_(—lienll/leorggene al. 2001 ,akebata noise ratio is inferior to 131 A. In the following subsectipn

, : ; i 4., Forbes & Isenberg Ve verify that the flare is confined(&1.1), explore the sticeet
? and ideal MHD mstabﬂg;eslvsg : 919 ond dynamic evolution of its PFL systenf (82.1).
11991 Torok & Kliem 2005, 2007). Magnetic reconnection at . : ; i .
current sheets forming at magnetic separatrices plays-a cru__1he confinedness of this LDE flare is verified by multi-
cial role in almost all mechanisms except ideal instabiiti  Satellite observations without ambiguity. Figlie 1 shohes t
On the other hand, it has been demonstrated numerically thaPFL system observed froBDOs viewpointin 131 and 171 A
current sheets also prone to develop at quasi-separagrix la and from the viewpoint of the “Behind” satellite (hereafter
ers (QSLs; e.gl, Aulanier etlal. 2005), where field line lpka ~ STB of STERE@in 171 A. It is obvious that the PFL is seen
displays a rapid change but is not necessarily discontisuou in a “face-on” view bySTBand “edge-on” bySDQ In the
as in separatrices. Observationally, flare brightening$io- cold passbands (e.g., 171 A), a compact loes0 Mm high
mosphere Wassociated with the footpfint o in projection) is observed as expected from a confined flare;
QSLs (e.g.. Demoulin et &l. 1997), suggesting that QSLs arejn the hot passbands (131 and 94 A), however, one can see
important locations for the buildup and release of free mag- 3 higher arch with an overlying cusp-shaped structure, whic
netic energy in corona. _ o is a distinct feature of LDE flare5 (Shibata & Magara 2011).
The detailed configuration of the coronal field significantly The arch is about 200 Mm high in projection, spanning about
influences how the flare process proceeds. A confined flarego Mm on top. Initially the cusp point is about 150 Mm high
ensues when reconnection occurs between tWOUIOS ofn projection and later the height increases up to about 200
loops (e.g.. Hanaoka 1997; Nishio et al. 1997; Meltose1997;Mm. In the corresponding difference images (bottom panels
/Aschwanden et al. 1999; Su etial. 2013) or at a coronal nullof Figure[1), no obvious coronal dimming can be seen in the
point with a single spine that emerges away from the fan sur-nejghborhood of the flaring region.
face anchored in a remote region (elg.. Massonletal. 2009). e further examine the white-light images taken by coro-
The strength of the overlying field may also play an impor- nagraphs onboar&OH® (12-min cadence) and the two
tant role in regulating the behavior of solar eruptions.slt i STEREGsatellites (5-min cadence), “Ahead” (hereaf&¥A
found that a toroidal flux ring is unstable to lateral expan- and “Behind” GTB. The satellite positions are plotted in the
sion if the external poloidal fiel8.x decreases rapidly with  jnset of Figurd2(b). Note that boBDOand SOHOare in
height such that the decay index —dInBe,/dInh exceeds  orbit near the Earth. Since AR 11339 is located away from
3/2 (Batemarl 1978; Kliem & Torok 2006; Torok & Kliem  the disk center from botBOHOs and STBs viewpoint, the
2007;/Olmedo & Zhang 2010). Confined flares associatedchance that a CME originating from it is missed in corona-
with the failed eruption of a flux rope could be attributed to graph observations is minimal, despite a data g@@h—{Os
this effect (e.g.._Torok & Kliem 200%; Alexander etial. 2006; | arge Angle and Spectrometric Coronagraph (LASCO/C2;
: 7, Guo etial. 2010). _ _ _ 2-6R.) during 22:00-23:12 UT. Within the 3-hr time win-
In this paper, we present an LDE flare that is confined. This dow after the onset of the X1.9 flare, we find only one CME
flare also exhibits a cusp-shaped structure above a post-flarand a CME-like disturbance, neither of which originatesrfro
loop (PFL) system, but the dynamical processes and the temthe target active region. The CME can be seen by all three
perature structure within the cusp-shaped structure gre-op  satellites (seSOHOandSTBobservations in the bottom pan-
site to what the standard flare model predicts. In the sextion g|s of FigurdR). Its source region is located behind the limb
that follows, we analyze the observations of the flare (Sec-from SOHOs viewpoint and close to the east limb frd®TBs
tion[2), investigate the relevant magnetic configuratioectS  viewpoint (Figurd 2(e)). The CME-like disturbance is only
tion[3), and offer a possible interpretation for this unodbx briefly captured by the COR1 coronagraph onbd@if&from
flare (Section ). 21:06 till 22:06 UT (FigurdR(c)). It originates from an ex-
panding loop system located in AR 11336 (N12E12), to the
west of the flaring region. Fror8DOs viewpoint, the ex-

5 Geostationary Operational Environmental Satellite

o ) 6 M - . - .
1.1. Validation of the Confinedness ; National Ocea_\mc and 'Atmospherlc Administration
Solar Terrestrial Relations Observatory

2. OBSERVATIONS OF THE FLARE 8 Solar and Heliospheric Observatory
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FIG. 1.— Post-flare loop system of the X1.9 flare as seeBD®(a—d) andSTB(e—f). In Panels (c) and (e) the arrows indic&EBs andSDOs line of sight,
respectively. Bottom panels show difference images, whietoatained by subtracting ‘base’ images taken at 20:18 U fifee corresponding images in the
top panels.

panding loops are apparently anchored at a flare-like bright the 335 A late-phase peak is significantly higher than itsicou
ening as enclosed by a white box in Figlite 2(a); fr8iBs terpart during the impulsive phase, signaling that addéio
viewpoint, the expanding loops can be seen in 195 A aboveheating may be required. o
the west limb (Figur&l2(b)). The mean brightness within the _Furthermqre, we find no clear association of f[he X1.9 flare
white box peaks successively in AIA 131 A (10 MK), 94 A With any radio Type Il/lll bursts based on dynamic spectra ob
(6.3 MK), 335 A (2.5 MK), 211 A (2.0 MK) and 193 A (1.6 tained by the WAVES instruments (10 kHz—-16 MHz) onboard
Mk) at 2(’).59.10 2'1.03.5(’) 21.10.4(') 21:15:37 and 21'16'33 both STEREGsatellites and those by the ground-based Green
UT, respectively (Figurgl3(b)), in a decrease order of thekpe  Dank Solar Radio Burst Spectrometer (5-1100 MHz). This
response temperature of the individual channel. indiqaim indicates that this flare does not involve any opening of field
por P L 9 lines or interplanetary shocks.
on-going cooling process. A strong dimming in AIA 171 A

(Figure[3(c)) exists during the time period when the CME- 2 1. Structure & Dynamics
like disturbance is seen ByTBCORL, indicating that there e SHUC y ! o
is indeed mass ejection into higher corona. This localized | Atthe onsetofthe flare, one can see a small surge-like ejec-

dimming also corresponds to the reduced irradiance okFe tion (marked by an arrow in Figute 4(a)), apparently confined
(171 A; Figure[B(a)) during the flare gradual phase, from PY the overlying loops. 13) made a con-

o : . nection of this ejection, which is composed of multiple plas
the EUV Variability Experiment (EVEL Woads etldl. 2012) moids, with drifting pulsating structures detected at 3200

onboardSDQ On the other hand, the enhanced irradiance . - P
of Fexvi (335 A, Figurel3(a)), known as EUV late phase 1% 1008 2 £ S0 oes ot ncroatie wi
(Woods et all 2011 Liu et al. 2013a), is dominated by the : .

i i i - time, as can be seen from the stack plots (Fifiire 3(d) and (e))
flare brightening (Figurgl3(b)), as can be seen from the simi made from a it (FigurEl4(d)) cutting across it. The cusp.

Ie}rit);]_behtween the tE\t/hE and A"Q 33;;? A Iight.tchqrv;aﬁ t%‘? Ialit(te)r shaped structure overlying the PFL appears to be diffuse and
or which represents the mean brightn€ss within the black boXansent of fine structures. However, the running differenee i

enclosing the flare region in Figuré 2(a). It is noteworthgtth ages (Figur€l4(c) and (e)) reveal that it consists of metipl
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a) SDO/AIA 193 21:01:07 b) STB/EUVI 195 20:51:30-20:46:30 c) STB/COR1 21:30:59-21:00:59

d) SOHO/LASCO/C2 23:12:05 e) STB/EUVI 171 22:21:59-22:19:29 f) STB/COR1 22:40:59-22:20:59

FiG. 2.— Two coronal disturbances detected within three hofies the onset of the X1.9 flare. Top panels show a CME-likéudizance observed by SDO
(a) and STB (b and c) at around 21:00 UT, whereas bottom par@ME observed by SOHO (d) and STB (e and f) at around 22:00JFPahel (a), the black
rectangle encloses the flare region and the white rectanglesradlare-like brightening. In Panel (b), the green curveodes the solar limb as seen BpO
The inset plots the positions of STA (red) and STB (blue)tihedato the Sun (yellow) and Earth (green) in the plane of thetlEs orbit (dashed circle) at 22:00
UT on 2011 November 3. The dotted lines show the angular dispiants from the Sun.

nested loops which are undergoing upward as well as down-ing several minutes. A few loops shrinking toward the PFL at
ward motions all the time (see the animation accompanyinga few kilometers per second constitute the negativelyeslop
Figure[3). strips in the stack plot, which last tens of minutes, presum-
One can see that the cusp-shaped structure initially give aably representing a relaxation process. The rising praceed
slightly tilted “face-on” view (Figuré ¥4(b) and (c)), buttéx a more or less meandering fashion, such that the positively-
on it tilts further toward the line of sight to appear almost sloped strips look diffuse and not exactly straight. The fac
“edge-on”(Figurd_#(d) and (e)) as the PFL. Meanwhile, the that numerous episodes of loop rising are detected over the
cusp point gradually increases in height and slowly moveswhole gradual phase corroborates the irrelevance of the re-
westward. We place a virtual slit intersecting the cusgpslda  mote brightening detected in AR 11336, which is impulsive
structure and perpendicular to the top of the PFL, and make itand dominated by cooling (Figuré 3(b)).
slide slowly westward to pass the cusp point all the time (see We usexrt _dem it erati ve2 in SolarSoft to compute
the animation accompanying Figure 4). The resultant stackthe differential emission measure (DEM) in four selected re
plot is shown in a logarithm scale in Figurke 3(d), and that ob- gions (black rectangles in Figuré 4(b)). This code was erigi
tained in a running difference approach in Figure 3(e). In ou nally designed for Hinode/X-ray Telescope data (Golub ket al
case, each image is subtracted by the image acquired at GO@E [Weber et al. 2004), and recently modified to accom-
earlier, which gives a satisfying contrast. We have tried va modate the AIA temperature response (€.g.. Winebargef et al
ious time differences, from 12 to 84 s, which yield similar 2011; 2). We select a nearby quiet-Sun re-
results but different contrast. Unlike the recent AIA obser gion as the background (white rectangle labeled ‘B’ in Fig-
vations of loop contraction below the cusp po—t al. ure[4(b)), which is free of coronal structures in any pass-
2013b] Lil ), multiple loops above the PFL rise toward band. The best-fit DEM solutions to the mean fluxes ac-
the cusp point at tens of km'sand disappear approaching the quired by six AIA EUV channels are shown in the bottom
cusp point, which results in numerous positively-slopeighst ~ panels of Figurgl4 (red histogram-style solid curves). Te gi
above the PFL in the stack plot (Figurke 3(e)), typicallydast a sense of uncertainty, 250 Monte Carlo (MC) simulations
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Fic. 3.— Temporal evolution of the flare. (§OES1-8 A flux (black; scaled by the left y-axis) and EVE irradiasat 131 A (F&x; red), 335 A (Fexvi;

green) and 171 A (Fex; blue), which are normalized and scaled by the right y-axisitél lines mark the time instants when the three 1600 A images in
Fig.[A(a—c) are taken. (b) and (c) show the mean brightnesm@iiaed) within the black and white boxes in Figlite 2(a)pegsively, at six EUV wavelengths.

After about 21:25 UT, a dimming in 171 A below the pre-brightenbackground (zero) can be seen in (c). (d) and (e) show tilaten seen through the slit
in Figure[4(d), with the former displayer in a logarithm scafel the latter made in a running difference approach. Lingatfispeeds along two representative

strips (‘x’ symbols) are denoted in km’s
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a) AIA 131A 20:21:24 b) AIA 131A 20:56:21 d) AIA 131A 21:41:57
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FiG. 4.— Cusp-shaped structure overlying the post-flare logpesy. In Panel (a), the arrow indicates a small ejection atiisetmf the flare. In Panel (b),
black rectangles mark four regions where a DEM analysis i®peaed, and the white rectangle marks the background regichéddEM analysis. The resultant
DEMs are shown in the bottom panels ((f)—(i); see the textfeails). In Panel (d), the dashed line indicates the ginfwhich the stack plots in Figué 3(d)
and (e) are made. Panels (c) and (e) show the difference imagesponding to Panels (b) and (d) subtracted by images &kenute earlier, respectively.

Nested loops within the cusp-shaped structure are visiliiffierence images. An animation of AIA 131 A images is avaiatline.
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a) HMI 2011-11-03T19:58:14.40 b) Decay Index
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FiGc. 5.— Sequence of HMI vector magnetograms across the time pefribé flare. Red (blue) arrows indicate the horizontal conepoief the photospheric
field originating from positive (negative) polarities okthertical component. The rectangle in (a) denotes the regiamich theQ-factor is calculated. Panel
(b) shows the decay index= —dlog(By)dlog(h) with height, which is averaged over the hand-picked paahdeg the PIL of interest (‘+' symbols in (a)). The
yellow circles in (c) and (d) mark the location of new flux emerce
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(black dashed curves) are performed for each best-fit DEM,is revealed by an extended segment of the PIL that is char-
by randomly varying the observed fluxes up to the uncer- acterized by a localized saturation of the red and blue solor
tainties estimated bgi a_bp_est i mat e_err or in Solar- bottom panel of Fid.16). This segment is a topological featu
Soft. An average temperature is given, weighted by the best- [ 1986) called “bald patch" (EP; Titov et al. 1993),
fit DEM I 2). Its uncertainty is approximated where coronal field lines are tangent to the photosphere and
with the standard deviation of the DEM-weighted tempera- directed from negative to positive polarity of the photasipt
tures of the 250 MC simulations. It can be seen that the top ofB, distribution. These magnetic field lines form the separa-
the PFL has the highest temperaturel(0 MK; Figure[4(g)), trix surface (BPSS; orange, olive and cyan lines in the top
while the cusp-shaped structure overlying the PFL is signifi panel of Fig[6), which wraps around the flux rope, as previ-
cantly cooler (Figurtl4(h) and (i)). Furthermore, it is carat ously demonstrated for different models of flux-rope configu
higher altitudes above the PFL. Thus, this cusp-shaped-stru rati(wml_(ﬁpﬂwﬁwgg),
ture must not be the locus of main energy release as in theand .[(2008). Furthermore, the indicated BP bifur
standard model. cates into a pair of higl® lines in two occasions by forming
two husk-like shapes (marked by arrows in the bottom panel
3. MAGNETIC CONFIGURATION of Fig.[8). Such features imply the presence of two BP sep-
To understand the actual scenario of this event, we inves-arator field lines touching the tips of the “husks" (deep gree
tigate its magnetic configuration by utilizing a sequence of and magenta lines in the bottom panel of Eig. 6). Each of the
HMI vector magnetograms (Fifl] 5) obtained from 19:58 UT separators rises above the bifurcated BP gap and lies atthe X
till 20:46 UT on 2011 November 3 at 12-min cadence, which type intersection of two pieces of the BPSS, which origiate
span a time period across the flare. These disambiguated veawo BP subsegments adjacent to the gap. Similar structure bu
tor magnetograms have been remapped using a cylindricalvith a single BP gap was first described by Titov & Démdulin
equal area projection (CEA), sampling at 0.03 deg, and pre-(1999) for an analytical model of the configuration with one
sented asRK,By,By) in a heliocentric spherical coordinate, flux rope of a circular shape. Such a complex structure of the
corresponding to&,,—By, B) in the heliographic coordinates BPSS in our case is due to upward bending of the flux rope at
(Sun[201B). The vector magnetograms are “pre-processedthe BP gaps. The indicated separators are those sites where a
to best suit the force-free conditian (Wiegelmann et al.6J00 local current concentration and subsequent tether-gutén
before being taken as the photospheric boundary to extrapoconnection have to occur in response to displacements of the
late a nonlinear force-free field (NLFFF) using the “weighte flux rope. It is clear that the location and the number of such
optimization” method [(Wiegelmann 2004). This code has separators must vary as the flux rope changes its shape and
been optimized recently for HMI data by taking into account height. It further comes to our notice that the average decay
measurement errors in photospheric field (Wiegelmannl et alindex (Fig[5(b))n = —dlog(Bn)dlog(h), along this flux rope
[2012). Our calculation is performed using 2 by 2 rebinned only exceeds the threshold value of 1.5 abevé0 Mm for
magnetograms within a box of 420320 x 320 uniform grid  the torus instability to functior (Kliem & Térék 2006). This
points, whose FOV is slightly larger than what is shown in may account for the confinement of the flux rope, which lies
Fig.[3. Using a 10« 10 smaller cell size, we refine the pho- below~ 25 Mm.
tospheric computational grid and map it along magnetic field The evolution of the photospheric field towards the flare
lines to counterpart photospheric polarity regions. The co can be highlighted by the emergence of two parasitic polar-
ordinates of the mapped grid points are used then to calcu-ty elements, as marked by yellow circles in Hi¢j. 5. The neg-
late the squashing fact@ of elemental magnetic flux tubes ative parasitic element that appears at the onset of the flare
rooted at these polarities (Fig] 6 _Titov et al. 2002: Titov (Fig.[5(d)) is closely associated with the most intense flare
). . o ) brightening in UV 1600 A at that time (marked by an arrow
It is found that the photospheric magnetic field in the Fig.[A(a) and (d)). Hence, we suggest that the flare is trager
flaring region has locally a tripolar structure in which an py'this emergence of new magnetic flux within the northern
elephant-trunk-like area of negative polarity (labeled N arcade. The flare brightening then quickly extends along two
Fig.[3(a)) deeply intrudes into positive polarities (l@mIP'  gifferent paths (Figi7(b)), roughly following the high-@és
in Fig.[5(a)). The important structural features are res@@  (Fig.[4(b) and (e)). No ribbon separation movement is ob-
the photospheric sla@ maps (e.g., bOttf%%Of Fid. 6), served, distinct from typical eruptive flares. The flare cibb
where slo@ ~ sign@®,) logQ at Q > 2 | ). that follows the high-Q line dividing the elephant-trurikel
The highQ lines designate in such maps the footprints of sep- area of negative polarity develops later a ‘hook’ that haif ¢
aratrix surfaces and quasi-separatrix layers (QSLs). fticea  cles the positive parasitic element (Fig. 7(c) and (e)).IdFie
ular, the elephant-trunk-like area of negative polaritydis  |ines anchored at this hook form a QSL (cyan lines in[Eig)8(j)
vided in half by such a higi@ line, with the respective halves high above the T-type HFT (pink and yellow lines in F. 8(j))
belonging to two adjacent sh_eared arcades (purple linéeint  Guided by the photospheric slQymaps, we are able
top panel of Figlk). The torsion parameter (j -B)/B> has  to identify the flux rope with a arc-shaped dark filament
opposite signs in these arcades (top panel offfig. 6), imglyi  (Fig. [8(e)) aligned along the PIL that harbors the BPs
that their axial currents are oppositely directed. A hypécb  (Fig.[8(i)). The filament survives the X-class flare, which is
flux tube (HFT; Titov et al 2) that consists of two QSLs consistent with the persistent existence of the BPs. Thie dar
adjoining each other separates the two sheared arcades. Thgament takes on a reverse S-shape after the flare [(Fig. 8(g)
HFT has a T-type junction passing through the joint arcades’and (h)), enclosed by bright emissions in AIA hot filters
apex. The footprint of this junction corresponds to the &ov (Fig.[3(c) and (d)). In its later evolution, the flux rope be-

mentioned highg line. _ comes brightened repeatedly with a series of confined flares
Within these arcades, only the southern one contains a flux
rope, which consists of multiple braided strands (yelloves 9 By, indicates the horizontal component of a potential field otetdiwith

in the top panel of Fid.]6). This element of the configuration the Green's function method.
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| Iog Q/a J-B/B” (2011 11-03 20:10; 14)

1.0

0.5

-1.0

FIG. 6.— Magnetic structures as revealed by the Q-map. Top parmle-flare lo@-map (black and white) blended with the correspondinmap (red and
blue). BPSS field lines tangent to the three BP subsegments treee different colors, orange, olive and cyan, respelyti representative field lines of the
flux rope are shown in yellow; purple lines indicate two sleearcades. Bottom panel: siggnap superimposed with the BPSS separators (green and magneta
lines). The rectangular region as indicated by dotted lisesproduced in the bottom-left corner, in which two BP sepans are marked with arrows.

in this active region, e.g., the GOES C5.8 flare peaking atfrom the photospheriB, gives a similar large-scale HFT (not
22:35 UT (Fig[B(d)). This hot layer of plasma appears to be shown here), suggesting that such structural skeletons are
associated with the BPSS structures (top panel offFig. 62 On quite robust. This robustness has been demonstrated by ear-
can further see that the HFT lines (Fig. 8(j), pink and ye)low lier studies employing other coronal field modéls (Démaulin
compare favorably with the flaring loops during the impusiv  2006,[2007). However, one should keep in mind that the
phase (Figld8(b) and (f)), and that the QSL lines (Eig. 8(j)), current analysis is based on a not-so-robust assumption tha
cyan) originating from the western ‘hook’ of the flare riblson  force-free conditions are applicable to the photospheeid fi
(Fig.[A(c) and (e)) share similarity with the post-flare @ea  that serves as the boundary for the field extrapolation.
as well as the cusp-shaped structure above the arcadegdurin
the gradual phase (Figl 8(b) and (c)).

It is worth mentioning that the potential field extrapolated 4. CONCLUSION
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a) AlA 1600 20:18:17 UT b) AIA 1600 20:19:29 UT c) AIA 1600 20:34:17 UT

d) AIA 1600 (20:18:17) / slog Q (20:22:14)

e) AlA 1600 (20:34:17) / slog Q (20:34:14)

50 100 150 200
X (Mm)

FiG. 7.— Comparison between flare ribbons and agaps. (a-c) Evolution of the flare ribbons. (b) is superimpasitil contours of the locaB; at 200
G, with red (blue) colors indicating positive (negative)grdgies. In (c) the FOV of the slo@ maps is indicated by a warped rectangle. (d) A blend of a UV
1600 A image taken at the onset of the flare (same as (a)) witHah@snap calculated for the HMI vector magnetogram acquired ateeqipately the same
time; both are remapped with the CEA projection. The most irténightening is marked by a white arrow in (a) and (d). (e) Sintd (d) but the image (same
as (c)) and slo® map are obtained when the flare ribbons have been fully desélophe positive (negative) parasitic element is marked by dlleie) arrow
in (d) and (e).
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c) AIA 94A 21:31:14 d) AIA 94A 22:48:26

:

a) AIA 94A 20:18:26 b) AIA 94A 20:37:03

Y (arcsecs)

250 !
-850 -800 -750
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> 60
40
50 100 150 200
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FiG. 8.— The flux rope. Panels (a-h) show a sequence of AIA 94 Ax{#e; logT = 6.8) and 211 A (Fexiv; logT = 6.3) ) images. The dark filament
associated with the flux rope is marked by green arrows in (@ati)a red arrow in (d). In Panel (i) the 211 A image at 20:18:24(s#ne as (e)) is remapped
with the CEA projection and blended with a slQgnap calculated for the HMI vector magnetogram at 20:22:14 W@dfieP(j) shows a three-dimensional view
of selected field lines of the HFT (pink and yellow), the QS¥&(e) originating from the hook of the flare ribbon half cindithe positive parasitic element (see

Fig.[d), and the flux rope (light green).
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HFT

BPSS

+ +

FIG. 9.— Two-dimensional schematic description of the magnetifigo-
ration in a cross section passing though the parasitic eleaferegative po-
larity (see the text for details). The gray bar denotes tlaenféint associated
with the flux rope. Magnetic reconnection is denoted by esiplo shapes at
the BPSS in the left arcade, the parasitic element in the agigde, and the
T-type junction above.

+

What is most intriguing about this confined LDE flare is
that the diffuse cusp-shaped structure above the PFL is actu
ally composed of multiple rising loops, which disappear ap-
proaching the cusp point. Numerous episodes of loop rising
are detected, spanning the whole gradual phase. The temper
ture is highest at the top of PFL and becomes cooler at highe
altitudes. These features are contrary to a typical LDE flare

Since these rising loops do not reappear in cooler passband

later, one can safely exclude cooling processes: the typica
cooling time is~ 10° s for conduction[(Aschwandén 2006,
Eqg. (7.5.1)) and~ 1C° s for radiation [(Aschwanden 2006,
Eq. (7.5.3)), utilizing the loop length of @2) x 10'° cm and
temperature of 10K, and taking a typical coronal density of
10° cm3. The only plausible interpretation is that the cusp-

Liu et al.

The critical magnetic structures involved in this flare are
sketched in a two-dimensional diagram (Fidure 9), which fea
tures a cross section passing though the negative paralsitic
ement. In this simplified diagram, two magnetic arcades are
separated from each other by a T-type HFT. A flux rope is
preexistent within the left arcade, with a filament embedded
at the concave-upward portion of the rope. At the onset of
the flare, the emergence of a parasitic element of negative po
larity in the right arcade triggers at the HFT a fast magnetic
reconnection that subsequently releases the magnetigyener
and stress accumulated in the arcades, as evidenced by the
UV flare ribbons residing at the high Q-lines that delineate
the footprint of the HFT, with reference to Fid. 7. Magnetic
reconnection at the HFT is persistent over the flare, regplti
in the observed dynamics of the nested loops within the cusp-
shaped structure, which might correspond to the QSL high
above the T-type HFT, with reference to Hig. 8(j). Magnetic
reconnection at the BPSS also heats up plasmas surrounding
the filament, with reference to Figl 8(d). The continuing en-
ergy release at the HFT and BPSS may account for the long-
lasting gradual phase of this confined flare.

We conclude that the preexisting T-type HFT and flux rope
dictate the structure and dynamics of the observed loops and
ribbons in this event. The flux rope fails to escape owing to
a strong confining field but succeeds in producing an LDE

Jlare with the continuing dissipation of currents conceetia
@t separatrix surfaces and QSLs, which has not been consid-

ered as a significant energy source during the flare gradual
Ehase. Hence, our analysis may shed light on the so-called
UV late phase.

We are grateful to th&DO STEREOand SOHO consor-
tium for the free access to the data. R. Liu thanks Drs. Chang
Liu and Ju Jing for help in implementing the NLFFF code,

shaped structure represents a QSL, across which the conne@nd acknowledges the Thousand Young Talents Programme

tivity of field lines undergoes sudden changes, and thaishe r
ing loops within the cusp-shaped structure is a manifestiati

of China, NSFC 41222031 and NSF AGS-1153226. This
work was also supported by NSFC 41131065 and 41121003,

of the on-going three-dimensional magnetic reconnectton a 973 key project 2011CB811403, CAS Key Research Pro-
the QSL, where the field lines slip through the plasma. This gram KZzZD-EW-01-4, the fundamental research funds for
interpretation is substantiated by the analysis of the gghot the central universities WK2080000031. The contribution of

spheric Q-maps (Sectibh 3).
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