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ABSTRACT

We present SDO/AIA observations of an eruptive X-class flare of July 12, 2012, and compare its
evolution with the predictions of a 3D numerical simulation. We focus on the dynamics of flare loops
that are seen to undergo slipping reconnection during the flare. In the AIA 131A observations, lower
parts of 10 MK flare loops exhibit an apparent motion with velocities of several tens of kms™! along
the developing flare ribbons. In the early stages of the flare, flare ribbons consist of compact, localized
bright transition-region emission from the footpoints of the flare loops. A DEM analysis shows that
the flare loops have temperatures up to the formation of Fe XXIV. A series of very long, S-shaped
loops erupt, leading to a CME observed by STEREQO. The observed dynamics are compared with the
evolution of magnetic structures in the “standard solar flare model in 3D”. This model matches the
observations well, reproducing both the apparently slipping flare loops, S-shaped erupting loops, and
the evolution of flare ribbons. All of these processes are explained via 3D reconnection mechanisms
resulting from the expansion of a torus-unstable flux rope. The AIA observations and the numerical
model are complemented by radio observations showing a noise storm in the metric range. Dm-drifting
pulsation structures occurring during the eruption indicate plasmoid ejection and enhancement of
reconnection rate. The bursty nature of radio emission shows that the slipping reconnection is still
intermittent, although it is observed to persist for more than an hour.

Keywords: Sun: flares — Sun: X-Rays, gamma rays — Sun: UV radiation — Sun: Radio radiation —

magnetic reconnection — Magnetohydrodynamics (MHD)

1. INTRODUCTION

Solar flares are the most energetic manifestation of so-
lar magnetic activity. They are characterized by a rapid
increase in emission over a broad range of the electro-
magnetic spectrum, from X-rays and extreme-ultraviolet
(EUV) to radio wavelengths (e.g., Kane||[1974} [Fletcher|
et al.|[2011; White et al|2011). A typical flare encom-
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passes a wealth of dynamical phenomena that are mani-
festations of the release of magnetic energy via the pro-
cess of magnetic reconnection (Parker|[1957} |Sweet||1958;
[Priest & Forbes [2000; |Zweibel & Yamada/[2009). One of
the most distinct signatures of these dynamical phenom-
ena is that of the formation of flare loops, which emit
strongly in X-rays and EUV (e.g., Fletcher et al.|[2011]),
and the accompanied flare ribbons prominent in EUV
and up to visible wavelengths (e.g., Warren & Warshall
. Eruptive flares also exhibit large-scale restructur-
ing of the magnetic field accompanied by coronal mass
ejections (CMEs) that possibly result from the expul-
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sion of coronal magnetic flux ropes (e.g.,|van Ballegooijen|

netic reconnection as ideal MHD can break down (Parker|

[1957; [Sweet| 1958} [Priest & Forbes||2000)).

& Martens|[1989; [Amari et al.|[2000; [Moore et al.[[2001}
Green & Klieml[2009; |Green et al.[2011} |Patsourakos et al.|
2013) and are an important driver of space weather.
Based on the observations of eruptive flares, various
models have been developed to describe and interpret
their main features. The standard 2D CSHKP model

In the case of QSLs, magnetic field lines passing
through them can undergo successive reconnection that
is seen as an apparent “flipping”, or “slipping” motion
(Priest & Démoulin| [1995; [Priest et al|2003; |Aulanier|
let al.[[2006)). The apparent slipping motion is a conse-

(Carmichael| 1964} [Sturrock|[1966} Hirayama)|1974; Kopp)|
|& Pneuman|[1976]), for example, describes the formation
of flare loops and the flux rope (e.g., Dere et al.|[1999;
|Cheng et al.|2013)), from the reconnection of coronal mag-
netic field lines. Magnetic reconnection releases magnetic
energy in the form of particle acceleration and thermal
energy. Energetic particles guided along the magnetic
field can impact the chromosphere (e.g.,Reid et al.[2012),
where they lead to the formation of flare ribbons (e.g.,
|Schmieder et al[[1996). The chromosphere can also be
heated by thermal conduction (Petkaki et al.[2012). Both
processes lead to chromospheric evaporation (Neupert
1968%, which quickly fills the flare loops (e.g., [Raftery
et al.|2009; Milligan & Dennis|[2009; Brosius & Holman
2010; |Del Zanna et al.|/[2011b; [Ning|[2011}; |Doschek et al.
2013; Brosius [2013). The high density in the flare loops
makes them a prominent emission structures. Flare rib-
bons are the footpoints of these loops, and their emission

quence of the local diffusion in the reconnection region,
where the neighbouring field lines continually exchange
connectivities (Aulanier et al.[2006). Because of the local
rotation of the magnetic field vector within the coronal
diffusion region, this process induces apparent field line
velocities all along their length that can be different from
the plasma velocity (Priest et al.|2003; |Aulanier et al.|
2006). Slipping reconnection is theoretically predicted
in both eruptive and confined flares, as investigated in
Masson et al| (2012). Janvier et al.| (2013) showed that
the speed of the apparent motion of the field lines can
be directly linked to the norm N and the reconnection
rate. This study provided an important insight on recon-
nection mechanisms in 3D and the link with magnetic
topology. Since the QSLs are more general than true
null-points which require discontinuities, slipping recon-
nection is a more general mechanism of energy release
not only during solar flares, but also in active regions

comes from compact transition region features (e.g.,|Gra-|

(Aulanier et al.|[2007)).

lham et al.[[2011; [Young et al.[2013) and the underlying
chromosphere.

While the CSHKP model provides a straightforward
picture of eruptive flares, it fails at describing the intrin-
sically 3D features of solar flares. Examples of such fea-
tures include e.g. motion of EUV or X-ray sources paral-
lel to the flare ribbons (e.g. Inglis & Gilbert|2013)), or the
evolution of the twist or shear of coronal loops, which is
important for the dynamics of both flare loops and the
flux rope (Aulanier et al|[2012)). Other models, for ex-
ample the tether cutting model (Moore et al[[1997; [Fan
2012) or torus-unstable flux rope models (Torok et al.

At first, current sheets required for reconnection can be
formed dynamically, both in 2D (e.g.,[Magara et al.[1996}
Lin & Forbes|2000; Barta et al.|2011)) and also in 3D (e.g.,
Antiochos et al.[[1999; [Lynch et al.[2008; [Aulanier et al.|
2010; [Kliem et al.[|2010; Aurass et al.[2011). Then, the
current layer itself can be destabilized, leading to the for-
mation of several plasmoids and null-points moving along
the sheet (e.g., [Loureiro et al.|[2012). Merging and frag-
mentation of plasmoids then results in smaller current
sheet systems that can be associated with fast recon-
nection regimes, providing the necessary energy release
rate and acceleration of particles (Shibata & Tanuma

2004; |Aulanier et al.[2010) have been proposed to extend
the standard model for eruptive flares to 3D. In particu-
lar, the 3D numerical simulation of a torus-unstable flux
rope (Aulanier et al.[2012;|Janvier et al.|2013) has helped
to shed light on the underlying reconnection mechanism
forming both flare loops and the flux rope. The absence
of 3D null-points means that the reconnection takes place
in Quasi-Separatrix Layers (QSLs), and in particular in
the thinning high current density region underneath the
expanding flux rope.

2001}, [Karlicky|[2004; [Barta et al.|[2008; [Uzdensky et al.
2010; [Barta et al.|2011; |[Karlicky & Bartal|2011} Karlicky
et al[2012). These processes can be observed in X-rays
as the formation, ejection and interaction of plasmoids
(Ohyama & Shibatal|1998} [Kotomanski & Karlicky|[2007}
[Milligan et al.[2010)) and in the dm-radio range as drifting
pulsation structures (DPS, Kliem et al. [2000; Karlicky
et al|[2002; [Karlicky|[2004; [Karlicky & Bartal[2007} [Kar-
licky et al.|2010). Magnetic reconnection at high coronal
altitudes can also manifest itself as a radio noise storm

The QSLs (Priest & Démoulin||1995; Démoulin et al.|

(Elgaroy||1977; |Del Zanna et al|2011a)).

1996, 1997)) are locations where the mapping of the mag-
netic field lines exhibits strong gradients, but is not dis-
continuous. This means that there are no separatrices di-
viding the magnetic field into regions of different connec-
tivities, as is the case with magnetic null-points. Rather,
connectivity domains are bordered by regions where the
connectivity is strongly changing, but is still continu-
ous. The magnetic field distortion is analytically mea-
sured by calculating the norm N of the field line map-
ping (Démoulin et al.|[1996) or the squashing degree Q
(Titov et al|[2002; [Pariat & Démoulin||2012). Because
of the distortion of the magnetic field, high electric cur-
rent density regions can form where the distortion is the
strongest (e.g., |[Aulanier et al.||[2005; Masson et al.|[2009;
[Wilmot-Smith et al.[2009). This therefore results in mag-

Based on the above, the general expectation is that
during eruptive flares, slipping motion of the field lines
should manifest itself as an apparent slipping motion of
flare loops, and plasmoid emission in the form of DPS
should be observed at radio wavelengths as a conse-
quence of both the flux rope eruption and the reconnec-
tion regime involving dynamics of the current layer. To
the author’s knowledge, these processes have not previ-
ously both been reported in the same flare. Moreover, re-
ports of the slipping reconnection itself are rare
et al.||2007; [Testa et al||2013)) and none are associated
with flares.

In this paper, we report on the X1.4 flare of July 12,
2012 that manifests both the slipping reconnection and in
later phase the fast reconnection with plasmoids (DPSs).
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ATA observations of the flare are described in Sect. [l
This section contains an overview of the events during
the flare together with analysis of the apparent slipping
motion of the flare loops. Individual contributions to
flare EUV emission as observed by ATA are obtained from
DEM analysis in Sect. [3] Section [ presents the results
of an earlier numerical simulation reproducing the ex-
pansion of an unstable asymmetric flux rope. With the
simulated region having similar features as the observed
active region 11520, the simulation is directly compared
to observations. Evolution of the QSLs and the flux rope
are also described along with the slipping reconnection
process. In Sect. we report on radio emission asso-
ciated with the flare. A Summary and Conclusions are
given in Sect. [6]

2. SDO/AIA OBSERVATIONS AND DATA ANALYSIS

An X1.4 flare occurred on 2012 July 12 in the large
complex of active regions NOAA 11519, 11520 and 11521.
It was an eruptive, long-duration event with a peak in the
GOES 1-8A flux at 16:49 UT (Fig. [1), but with flaring
activity starting as early as 15:00 UT. The bulk of the
flare EUV and X-ray emission (Sect. occurred in AR
11520 (Hale class 8vd/B76), with one ribbon extending
to AR 11521 (B8~/fB). The magnetogram for these active
regions is shown in Fig. The small, old AR 11519
(a/ @) located further 100” westward was not involved in
the flare. Altogether, the active region complex spanned
nearly 40° in solar longitude.

2.1. Ouverview

The Atmospheric Imaging Assembly (AIA,
let al.| 2012} Boerner et al||2012) on board the Solar
Dynamics Observatory (SDO) consists of 4 identical,
normal-incidence two-channel telescopes providing mul-
tiple, near-simultaneous full-Sun images with both high
temporal resolution and high spatial resolution (1.5”,
pixel size 0.6”). AIA images of the Sun are taken
in 10 filters, 7 of which are centered on EUV wave-
lengths (94A,131A,171A,193A, 2114, 304A, and 335A),
and 3 on UV or visible wavelengths (1600A,1700A, and
4500A). The EUV filters are centered on some of the
strongest lines in the solar EUV spectrum. Such multi-
filter AIA observations allow a study of the thermal
structure of the solar atmosphere. However, the pres-
ence of a variety of emission lines originating at different
temperatures within one filter bandpass makes the tem-
perature responses of the ATA EUV filters (Fig. [2)) highly
multithermal in nature (e.g., (O’'Dwyer et al|2010;
|Zanna et al.|2011c} [Schmelz et al.[2013). This behaviour
is also reflected in the responses of the 131A and 94A fil-
ters used for flare observations. Their responses are
double-peaked due to sensitivity to both flare and coro-
nal temperatures. The response of the ATA 131A filter
peaks at log(T/K)=5.75 and again at 7.05 due to con-
tributions from Fe VIIT and Fe XXI, respectively. The
main contributors to the response of the 94A filter are
Fe X and Fe XVIII, producing peaks at log(T/K)=6.0
and 6.85, respectively. Fe XIV contributes to this filter
as well . Nevertheless, the flare emission
observed by AIA is now well understood
[2012; Del Zannal[2013)). Together with its high temporal
and spatial resolution, ATA is well-suited for studies of
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Figure 1. Top: Evolution of the X-ray flux in the 1-8A channel
observed by GOES. Second row: Pre-flare coronal configuration

in the SDO/AIA 94A filter showing a large sigmoid in AR 11520
and a brightening in AR 11521. Footpoints of one of the loop
systems participating in the brightening are denoted by a white
arrow. Third row: Portion of the longitudinal SDO/HMI magne-
togram showing the active region complex. The AR 11519 is not
shown as it lies further to the West. Bottom: Intersections of the
large-scale quasi-separatrix layers with the photosphere, calculated
from a potential extrapolation of the magnetic field.

dynamical phenomena that occur on small scales, such
as the evolution of individual features during a flare.

The flare evolution, as observed by SDO/AIA, is sum-
marized in Fig. [3] and in Table [T, which should act as a
reference guide for the online movies, as well as individ-
ual events during the flare discussed in this paper.

2.1.1. Pre-flare state, brightening in AR 11521 and the
large-scale magnetic topology
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Table 1
Summary of individual events during the X1.4 flare. Time and locations are approximate, as the events are dynamical.

Approx. Time [UT] Event description

Location [Solar X, Y] Notes

14:48-15:15 UT
15:00 UT

15:00 UT

15:01-15:34 UT
15:07-16:10 UT
15:43-16:07 UT
16:02-16:17 UT
16:05-16:25 UT
16:05-16:35 UT
16:13-16:33 UT
16:14-16:27 UT
16:16 UT

16:30-17:00 UT
16:34-16:40 UT
16:40-17:00 UT

Brightening of loop systems in AR 11521
Flare start in AR 11520 (first flare loop)
Radio noise storm beginning at 200-500 MHz

Hot 131A loop appearing at the end of NRH
Brightening and development of the NRH
Third slipping event along developing NRH

Start of a strong radio flare

Deformation of the NRH

Flare loops undergo slipping motion and gradual brightening
Growing system of hot loops in 131A (erupts later)
Second slipping event, gradual developing of NR

Large intensity enhancement along NR moving westward
PRH brightening, slipping assoc. with eruption in 131A

PRH widens, with associated coronal dimming

NRH extension in N-S direction, assoc. coronal dimming

[+3007, —400"]

Fig. EI, second row
[0, —300"], above F1

Arrow 1 in Fig. [3| top left

Fig. [18] type III-like bursts
Sect. [2.2.1} Figs. [6]

30", -270"], NR
+150", —360"'], PRH

[—20", —320"]
[+100", —330"] Arrow 2 in Fig. [3[(rows 2-4)
- s — 5 ect. [2.2.2} Figs.
20", -320"], NR S 2.2.2] Fi
[—100", —320"] Arrow 3 in Fig. |3| fourth row
[-100”, —320""], NRH  Fi
%—50”, —320"] Figs.
[

Figs.
T

Sect. 2.2} Figs.
[+200", —350"'] Fig. |3 sizth row
[—90", —320"]
[—100", —350"] Fig. [3| sizth row

Fig. |1] top

16:49 UT Peak of the GOES 1-8A X-ray flux
CHIANTI v7.1
1 0*24 E LN ey e e e B e B B B B B B B B B B B E
£ 94A 1
r 131A ]
[ 193A ]
1072 .
304A
335A

T
M|

10726

T
v Al

1 Of27

SDO/AIA response [DN s™ px™']

LR AR

1 OfZE

10*25
4.5 5.0 55 6.0 6.5 7.0 7.5
log(T/K)

L v b e b e b

Figure 2. Temperature responses of the AIA EUV filters, cal-

culated using log(ne/cm3) =9 and the abundances from
(2012).

The magnetic configuration of the AR 11520 before the
flare is that of a forward S-shaped sigmoid visible only
in ATA 94A (Fig. |1} second row). This sigmoid overlies
an active region filament F1 visible in ATA 304A (Fig. [3|
top right).

In the neighbouring AR 11521, a brightening of sev-
eral loop systems occurs at around 14:48, i.e., shortly
before the flare in AR 11520. One of the loop systems
involved in the brightening is rooted in the vicinity of
the position [X,Y] = [+250”, —330"] (arrow in Fig. [I]).
This position corresponds to the leftmost extension of
the positive-polarity ribbon (PR) during the flare, and
also to an intersection of one of the strongest QSLs with
the photosphere (Fig. [1} bottom).

We obtained these QSL footpoints from a poten-
tial extrapolation of a SDO/HMI (Helioseismic Mag-
netic Imager, [Scherrer et al.|[2012) magnetogram using
the method of [Alissandrakis| (1981) and |Gary| (1989).
The potential extrapolation is an approximative method

which assumes that there are no electric currents in the
region. Clearly, this assumption is not valid either dur-
ing the flare or near the vicinity of a sigmoid. Neverthe-
less, it can be used to infer the number and approximate
shape of the large-scale QSLs that separate the magnetic
flux closed within the active region complex from other
closed, or locally “open” magnetic field lines (as also done
in e.g., |(Chandra et al.[2009). We found that there are
two strong, large-scale QSLs in the active region complex
(Fig. bottom): one semi-circular shaped on the left-
hand side of the image in the negative polarities, and a
second one at Y ~ —350” in the positive polarities. A
portion of the QSL in the negative polarities is shifted to
the north with respect to the footpoint locations of the
sigmoidal loops. Such mismatch can be expected because
of the electric currents present in the sigmoid.

As already noted, the positive-polarity QSL at ¥V ~
—350" corresponds well to the ribbon PR involved the
flare (Fig. [3). This QSL provides the spatial connection
between the flare in AR 11520 and the brightening in
AR 11521 occuring immediately before the flare. We
note that flaring, erupting or even radio events closely
related in time have higher than a random occurrence
(Wheatland||2006)), which could be a result of a “domino
effect” (Chifor et al.||2006]). Events related in time can
have spatial connections through the magnetic field and
its topology (e.g. |[Zuccarello et al.||2009; Liu et al.|[2009

Jiang et al|[2011; [Torok et al.[|2011; [Shen et al. 2012

Mészarosova et al.|2013;|Schrijver et al.[2013)). Therefore,

the brightening in AR 11521 is the earliest signature of
the flaring activity in the entire AR complex.

2.1.2. Flare evolution

The flare itself starts at approximately 15:00 UT, when
the first flare loop can be clearly identified in the AIA
131A filter (Arrow 1 in Fig. [3). This is the first signature
of high temperature flare emission in any of the AIA fil-
ters. At one end, the loop is rooted near [+40”, —350"]
in the QSL in the strongest positive-polarity spots in AR
11520. It then encircles the western spot counterclock-
wise from SW to NE and is rooted on the other end in
the negative polarity. The loop is highly sheared and lies
along the outer edge of the curved filament F1 (Fig.
top right). The 131A flare loop is easily identifiable with
one of the pre-existing sigmoidal loops.

Over the next 40 minutes, the flare gradually devel-
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Figure 3. Overview of the evolution of the X1.4 flare on July 12, 2012. Arrow 1 denotes the first flare loop visible. Arrow 2 points to
the erupting hot loops, while Arrow 3 denotes the loop appearing at the end of the NRH. Individual features involved in the flare are
marked. See the text for details. Boxes enclose areas for more detailed time-series shown in the figures indicated. The intensities are scaled
logarithmically. The images are available as mpeg animations (Movies 1 and 2) in the online version.
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Figure 4. CME observed by the STEREO-A SECCHI/EUVTI telescope in the 171A channel. The separation angle between STEREO-A
spacecraft and Earth was +120.0°.
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Figure 5. AIA 131A images running-difference images with time delay of 1 min, saturated to £20 DN's~! px—!. Portions of two long

erupting loops are outlined by colored lines in the right images.

ops into a rather compact, highly sheared bundle of flare does not contain “hot” flare filters, so the erupting
loops. Some of the flare loops undergo expansion in the loops cannot be directly identified in STEREO observa-
SW direction (Arrow 2 in Fig. [3). Their footpoints tions. The expansion of the 171A loops can be driven by
gradually move along the QSL which develops into the the erupting hot loops, as reported for another event by
positive-polarity ribbon (PR) and its hook (PRH, Fig. Zhang et al.| (2012).

second to fifth row). The apparent motion of the foot- The arcade of flare loops meanwhile continues to
points along the PR accelerates, and by around 16:25, widen, with the flare ribbons brightening and growing in
the loops have erupted. This eruption is observed by the lateral directions (Fig. [3| second to fifth row). These ex-
twin STEREO satellites as a CME (Fig. [ consisting tensions and brightenings are often in the form of bright
of expanding concentric coronal loops in 171A. Unfortu- blobs in 304A or 1600A moving along the ribbons, asso-
nately, the STEREO/EUVI instrument ciated with the apparent slippage of flare loops. This is
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Figure 6. Slipping magnetic loops at the beginning of the flare.
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Dark lines in the top left panel show positions of the cuts used to

construct X-¢ plots (stackplots) shown in Fig. The intensities are scaled logarithmically, with units of DNs~! px~!. An animation of
the ATA 131A observations (left column) is available as the online Movie 4.
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Figure 7. Stackplots along the two cuts plotted in Fig.@ showing
slipping loops in the AIA 131Afilter. The black line on the left
image corresponds to the velocity of 8.7 kms~!.

discussed in detail in Sect. 2:2] Around 16:25 UT, the

ribbons are the most prominent emitting structures in
the 304A observations (dominated by He II). Both rib-
bons exhibit hooks on their ends. These hooks are typi-
cally not as bright as the rest of the ribbon (Fig. [3| fifth
row). The hooks show a quite rapid evolution with the
eruption. For example, the hook of the negative-polarity
ribbon (NRH) undergoes a deformation starting around
16:34 UT and subsequently extends by more than 100”
in the N-S direction grazing along the large-scale QSL
(shown in Fig. [ bottom). The width of both the NRH
and PRH increases over time to a maximum of about 20—
30”. Therefore, even if their width is increasing, they still
stay rather narrow. Both of them also stay continuous
and enclose narrow regions of coronal dimming observed
in all ATA EUV filters.

This coronal dimming confirms that the erupting loops
are rooted in both hooks. In fact, a bright loop arc lo-
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Figure 8. Slipping magnetic loops during the second slipping event. Dark lines in the top left panel show positions of the cuts used to

construct X-¢ plots (stackplots) shown in Fig.

The intensities are scaled logarithmically, with units of DNs~! px~!. An animation of

the ATA 131A observations (left column) is available as the online Movie 5.

cated at the end of NRH can be identified around 16:02—
16:17 UT (Arrow 3 in Fig. [3). This bright loop arc is a
portion of a system of long loops with projected length
of more than 250" (Fig. |5). These long loops are a part
of the erupting structure. Because these loops are very
long, for most of their length they are barely visible in
the AIA 131A observations due to low signal caused in
turn by decreasing density along the loops. However, the
motion of this loop system can be discerned in Fig. [f or
in the corresponding online Movie 3, where the running-

difference of the 131A observations with time lag of 1 min
is shown. To guide the eye, the discernible portions of
two long loops are outlined in Fig. [5| right by yellow and
dark red lines. The running-difference also shows a series
of other moving loops following the outlined ones. We
emphasize that these long loops have general S-shaped
appearance, and so are presumably non-potential. Un-
fortunately, due to the overlay of many emitting struc-
tures, the footpoints of these loops in the PRH cannot
be traced with confidence.
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Figure 9. Top: X-t stackplots along the cut plotted in Fig.
showing apparently slipping loops in the ATA 131A and 94A filters.
The long, dotted black line on the top left image corresponds to
the velocity of 16.6 kms ™!, while the short dotted line corresponds
to velocity of 4.5kms—!. Bottom: Examples of running-difference
images at 15:55:32 and 15:57:32 UT showing one (bottom left) and
multiple (bottom right) slipping loops.

One of the interesting features of this flare is that the
filament F1, as well as other filaments within the AR
complex (e.g. F2, Fig. top right) do not erupt dur-
ing the flare. Most importantly, F1 is still present and
visible at 16:10-16:25 UT, i.e., the time of eruption of
the hot loops. This suggests that F1 is constituted by
a portion of the magnetic field not participating in the
eruption and/or the flare. We note that the intensity
of F1 as observed in the 304A filter is highly variable
with time, although there are little or no morphological
changes. This is due to the fact that the He II emis-
sion originates from scattering (e.g., Andretta et al.|2003;
[Labrosse et al.|[2010, and references therein). The scat-
tering increases with the ribbon emission. An additional
contribution comes from the diffraction pattern showing
many secondary maxima (Poduval et al.[2013).

The GOES 1-8A flux peaked at 16:49 UT, at which
time the CME is in the interplanetary space and the
arcade of flare loops is well developed and is cooling (Fig.

bottom).

2.2. Individual slipping events

We now focus on the apparent slipping motion of the
flare loops observed in 131A. This motion is observed
throughout the early stage of the flare. Four times, when
the apparent slipping motion is most prominent, can be
identified. They are listed in Table [I] and discussed in
the next subsections. Note that the plasma velocity can
be decoupled from the velocity of the apparent motion
of the field lines (Priest et al|[2003). Hereafter, we use
the terms “apparent slipping motion” or “slipping mo-
tion” to describe the apparent motion of the flare loops
as observed by AIA. The physical origin of the apparent
slipping motion of flare loops is further discussed in Sect.

4.9

2.2.1. 15:00-15:34 UT

The first signature of apparent slipping motion of the
flare loops is observed immediately at the start of the
flare. The slipping is best visible in the negative-polarity
footpoints of the first flare loops. Part of the time-
sequence of this event is shown in Fig. [fland in the online
Movie 4. This figure is a zoom in the region NR indicated
in Fig. [3l It shows AIA observations in filters 131A, 94A
171A, 304A and 1600A, with a time step of 5min. The
apparent slipping motions are best seen in 131A and are
weak in 94A. All other filters show only concentrated en-
hancements of emission consisting of several point-like
features. This means that this emission originates in the
rather compact transition region near the loop photo-
spheric footpoints (similarly as in (Graham et al.|[2011}
[Young et al.|2013). In other words, the loops emit pri-
marily in Fe XXI and not in Fe VIII or Fe IX, meaning
that their temperature is around 10 MK. We examine
this point in detail in Sect. [8] We emphasize here that
the transition region emission seen in all ATA filters is
the first signature of the developing ribbon NR. During
these early stages of the flare, the ribbon emission is only
due to the footpoints of these dense, hot flare loops.

We note that some of the footpoints are very close
to F1, especially around 15:05-15:10 UT. The F1 does
not exhibit any significant structural changes, suggesting
that its magnetic field is stable even to perturbations of
the surrounding field as close as 1-2”. Similarly, the
sigmoid in 94A remains largely unperturbed during this
time (Fig. [6] Column 2), except for the widening of the
arcade and apparent slippage of the flare loops.

To study the apparent slipping motion of the hot flare
loops, we construct stackplots along artificial “cuts” in-
serted at Y =—315 and —320” (Xt plots). These cuts
are shown in Fig. [f] as dark lines. The stackplots are
shown in Fig. [7] Several intensity structures can be
discerned, moving in the negative X direction, in agree-
ment with a visual inspection of the time-sequence in
Fig. [f] One of the brightest structures is moving with
an apparent velocity of 8.74+0.3kms™! (dotted line in
Fig. |7). The error in velocity is estimated as the error
of the line slope. There are other structures exhibiting
apparent motion in the same direction, but they show
large and intermittent intensity variations. There is no
distinguishable velocity component in the perpendicular
(Y) direction.

The apparent slipping motion is also evident in the on-
line Movies 1, 2 and 4, which have full temporal cadence
(12s). We note that the slipping motion can easily be
missed in the visual inspection of ATA movies with lower
cadence (e.g., 1 min).

2.2.2. 15:48-16:07 UT

After the first time interval discussed in the previous
section, the apparent slipping motion of the flare loops
becomes less evident or nearly invisible. Then, a series
of apparently slipping loops reappear shortly after 15:43
UT. These loops appear brighter and more dynamical
than during the time interval described in Sect.
Figure |8 shows a portion of the time-sequence with a ca-
dence of 1 minute. The slipping is again predominantly
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in the middle column. An animation of the AIA 131A
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Figure 11. S-t stackplots along the cut plotted in Fig. mshowing
slipping loops in the ATIA 193A 131A and 94A filters. The dotted
black line on the 193A stackplot (left) corresponds to the velocity
of 40 kms~1, while the dotted line on the 94A stackplot (right)
stands for 44 kms~1!.

observations (left column) is available as the online Movie 6.

in the negative X direction. The intensity variations of
the apparently slipping loops make it difficult to distin-
guish individual structures moving in the opposite di-
rection. We again construct stackplots along an artificial
cut placed at Y = —320". The stackplots (Fig. [9) show a
series of moving intensity features, with the one denoted
by a long, dotted line having a velocity of 16.6+2kms™!.
The apparently moving loops are also clearly visible on
the running-difference images (Fig. E bottom row) with a
time delay of 12s. At 15:52 UT, only one intense, appar-
ently moving loop is visible, while at 15:57 UT, there are
several, as shown by the stackplots. Note also that there
are indications of somewhat weaker structures moving
short distances in the opposite direction. The brightest
one is outlined by the short dotted short line (Fig. E[),
which corresponds to a velocity of 4.5kms™!.

At 94A, only the most intense of the 131A loops can
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Figure 13. X-t stackplot along the cut plotted in Fig. [[2]showing
moving structure observed in the ATA 1314, but not in ATA 171A.
The dotted black line corresponds to the velocity of 136 kms~1!.
be clearly distinguished (Fig. . These can also be
seen in the 94A stackplot shown in Fig. IQI right. There
are no discernible temporal shifts between the 131A and
94A bands, suggesting no temporally resolved cooling of
the hot plasma.

The transition region emission near the footpoints of
the apparently slipping loops is again visible in all ATA
filters, with a clear one-to-one correspondence. The emis-
sion morphology is that of a chain of bright dots, resem-
bling a pearl necklace in the ATA 304A and 1600A images
at 15:57 UT. This transition region emission constitutes
the elongating, developing NR.

2.2.3. 16:05-16:35 UT

As the NR continues to develop, flare loops appar-
ently move along it and along its hook (NRH). The most

prominent example is shown in Fig. with stackplots
along the cut shown in Fig. [II] We denote the coordi-
nate along the cut as S, measured from left to right. The
stackplots show multiple structures moving in both di-
rections, but predominantly in the negative-S direction.
This is not surprising, since this is the local direction of
the ribbon extension. The brightest apparently moving
loops are seen at 131A and 94A. However, one of the
loops is seen at 193A and 131A rather than at 94A, ap-
parently moving with a velocity of 4445 kms™! (Fig.
dotted line in the left panel). Considering the tempera-
ture responses (Fig. [2), this means that the loop emits
in Fe XXIV. This occurence of a flare loop at 193A is the
only example we were able to find in this dataset. This is
due to the fact that the 193A channel is normally dom-
inated by transition region and coronal emission from
moss or warm coronal loops, with the secondary peak at
log(T/K) = 7.2 which is more than an order of magnitude
lower than the primary one.

2.2.4. 16:14-16:27 UT

The bulk of the brightest flare loops are rooted in a
small portion of the PR oriented in the N-S direction,
directly in the strongest positive-polarity sunspots. Since
the magnetic field is strong here, the footpoints of the
flare loops are concentrated and any apparent slippage
here is not easily distinguished.

There is however one prominent event, exhibiting mov-
ing structures along the PR and its developing hook.
This event is the eruption of a portion of the hot
131A loops, associated with a travelling brightening
along the PRH (Fig. [12). This brightening is seen in
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all ATA filters simultaneously. We note especially that
this brightening happens immediately after the eruption
of the long loop (Fig. [5]) described in Sect. We there-
fore interpret it as the apparently moving footpoints of
the erupting loops.

We again construct a stackplot along the artificial cut
inserted at ¥ =—360" (black line in Fig. [12). The
stackplot (Fig. left) shows a single weak structure
moving in the positive-X direction with the velocity
of 136+15kms~! (dotted line). The vertical stripes of
enhanced intensity are stationary, warm coronal loops.
They are seen in the 171A, both in Fig. and on
the 171A stackplot (Fig. right). Where the mov-

ing 131A feature temporarily overlies these warm coronal
loops, the intensity becomes enhanced, since the emission
is optically thin.

The brightening of PRH due to the apparently moving
footpoints of erupting loops causes intensity variations of
the warm coronal loops anchored in the PRH. As can be
seen from Figs. and these loops fade or disappear
after the eruption.

3. DEM ANALYSIS

We now investigate the temperature structure of the
individual structures within the flare, in particular the
slipping and erupting loops. To do this, we performed
a differential emission measure (DEM) analysis on each
pixel of a selected ATA frame, within the field of view
given by the X =[-60",190"] and Y =[-410", —270"].
We selected the observations at 15:55 UT as represen-
tative of the flare (c.f. Fig. third row). At this
time, both the slipping loops are visible (Sect. [2.2.2)),
together with the erupting loops moving along the PRH
appearing as a single wide bundle (Arrow 2 in Fig.
third row, also Fig. top left). We remind the reader
that the presence of plasma at flare temperatures can
already be discerned by visual inspection of the AIA im-
ages, in particular the 131A and 171A channels (Sect.
ﬁQ 2.1))

The aim of the DEM reconstruction is to esti-
mate the contribution of the Fe XVIII 93.93A, Fe XXI
128.75A and Fe XXIV 192.02A lines to the AIA flare
bands 94A, 131A and 193A, respectively. The contribu-
tion function of these lines peaks for log(Timax/K) = 6.85,
7.05 and 7.25, respectively. Therefore, these lines sam-
ple well the contribution of the hot plasma to the AIA
observations.

We note that in general, the DEM inversion problem
is ill-posed and under-constrained (e.g., (Craig & Brown
1976, |1986; |Judge et al.[1997)). Any solution found is not
unique, as it typically contains additional constraints,
such as some form of regularisation or smoothing of the
solution, or an a-priori assumption on the functional form
of the solution. (e.g., |del Zanna/|1999; |Aschwanden &
Boerner|[2011; Hannah & Kontar||2012)). The regularized
inversion of Hannah & Kontar| (2012)) has been specifi-
cally adapted for DEM reconstruction of the ATA data
and used e.g. to recover DEMs at each AIA pixel in
an observation of an eruptive off-limb event (Hannah &
Kontar|[2013). We adopt this method for DEM analysis
of the selected AIA images at 15:55 UT and use the im-
plementation provided in the dn2dem_map_pos.pro IDL
routine. In the reconstruction, the photospheric abun-
dances of |Asplund et al.| (2009) are used similarly as in

the flare modeling of|Petkaki et al.|(2012). Newest atomic
data benchmarked against best available solar and lab-
oratory spectra (see Del Zanna|[2013| Sect. 3 therein
for details) are also used together with the atomic data
from the CHIANTI database, v7.1 (Landi et al. [2013;
Dere et al.|[1997). We verified that the assumption of
abundances and atomic data has only a small effect on
the shape of the reconstructed DEMs. This is because
the ATA responses are dominated by Fe ions (O’Dwyer
et al.|2010; |Del Zanna2013|) and the atomic data for flare
lines are reliable (Petkaki et al.|[2012).

Once the DEM is recovered for each AIA pixel, pre-
dicted intensity maps for each AIA filter are calculated
as follows. First, the DEM obtained for a given pixel is
used to calculate a corresponding synthetic spectrum. To
do this, CHIANTI v7.1 is used together with the newest
atomic data available. The obtained synthetic spectrum
is then multiplied by the spectral response of a given
ATA filter, and finally integrated in the wavelength di-
rection. Predicted contribution of a specific spectral line
to a given AIA band is calculated in a similar manner.
This is done for each pixel to obtain the predicted inten-
sity map.

We determined that the ATA observations are best re-
produced using 19 temperature bins of log(7T/K) =5.5—
7.3. This temperature interval is chosen to adequately
cover the range of temperatures observed by the AIA
instrument (Fig. [2) and the many contributions to its
bandpasses (O’Dwyer et al.|2010; [Del Zannal[2013)). The
DEM reconstruction obtained for each AIA pixel results
in good agreement between observed and predicted in-
tensities for the 131A, 171A, 193A, and 211A filters. An
example is shown in Fig. top left and top center
for the AIA 131A. The 94A and 335A contain some
areas, especially within the flare loops arcade, where
the reconstructed intensities do not approximate the ob-
served ones. At these locations, the DEM(T') has large
horizontal errors in the log(T/K)=6.6-6.8 temperature
bins, affecting the Fe XVI and Fe XVIII contributions
to the 335A and 94A bands, respectively. As an exam-
ple, the predicted intensity map for Fe XVIII is shown
in Fig.[[4 middle row, right. The locations of poorly
recovered DEMs correspond to dark spots and patches
of darker areas, especially within the flare loops arcade.
Note that these locations of poorly recovered DEMs at
log(T/K) =6.6-6.8 correspond to locations where the
LOS pierces the filament F1 and overlying flare loop ar-
cade. The F1 shows dark as well as bright threads (e.g.,
Figs. |3l and |8} see also |Alexander et al.|[2013|), while the
overlying flare loops are visible in all of the ATA flare
filters, namely 94A, 131A and 193A (Fig. . We there-
fore suspect that the true DEM(T') structure in such loca-
tions is complicated, with more than two peaks, and can-
not be adequately recovered by the (Hannah & Kontar
2012) method due to the enforced smoothness. Including
more temperature bins at lower or higher log(7/K) im-
proves the reconstruction only marginally. Nevertheless,
outside of these areas, the DEM is recovered successfully,
and the results confirm strong contribution of Fe XVIII
to the ATA 94A channel.

The results of the DEM reconstruction also confirm
that the observed apparently slipping flare loops are in-
deed emitting strongly in Fe XXI (Fig. bottom),
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which is the dominant contributor to the 131A band-
pass. In our case, Fe XXI contributes up to ~50-85% of
the observed flare emission in the 131A channel. Weak
Fe XXIV emission is also present in the 193A bandpass
(Fig. middle row, center.) This Fe XXIV emission
contributes of about ~45% to the observed flare loops
in the 193A image (white arrow in Fig. . We note
that these loops are weak in the 193A image and can be
discerned only outside of areas of strong moss emisson
that dominate the observed 193A morphology.

We note that there is some spurious contribution in
the moss areas in the recovered Fe XXI and Fe XXIV
intensities. However, this emission is typically ~30
times weaker compared to the observed signal in the
193A channel. The recovered DEM at these locations
exhibit a weak secondary peak at log(T/K) =7.2 charac-
terized again by large errors, and therefore uncertain.

In summary, the DEM reconstruction confirms that the
slipping loops consist dominantly of flare plasma with
temperatures up to log(T/K)="17.1-7.3.

4. NUMERICAL SIMULATION OF A FLUX ROPE
EXPANSION AND ASSOCIATED SLIPPING
RECONNECTION

The mechanisms of solar flares and the associated for-
mation of magnetic structures can be well reproduced
with numerical models. In the following, we exploit the

The scale is the same as in Fig.E with AIA 1934 having the same scale as AIA 1714 in

3D MHD simulation performed earlier by
(2012), recreating the evolution of a flux rope expansion

during an eruptive flare. This simulation exhibits natu-
rally occurring slipping magnetic reconnection as a result
of the evolution of the model. This slipping reconnection
builds both the flare loop arcade and the erupting flux
rope (Aulanier et al.|[2012} Janvier et al.2013), which,
as we will show in this section, compares well with the
observations in qualitative terms. Although the simula-
tion was not designed to fit any specific event, it is well
suited for this particular flare (described in Sect. [2), as
the photospheric magnetic field contains flux asymmetry,
and geometrical comparison with the observations can be
easily achieved by appropriate rotation of the simulation
box.

4.1. Description of the numerical simulation

The initial conditions of the model are dynamically
built so that the whole magnetic structure is torus-
unstable. The details of the physical ingredients needed
to build such conditions are described in
(2010). The development of the torus instability leads
to the upward expansion of the flux rope core, as well as
the formation of a thin current layer where reconnection
takes place. The reconnected field lines are of two types:
they either further add to the envelope of the flux rope or

they form the flare loops, as described in
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(2012) and |Janvier et al.| (2013). The numerical simu-
lation is non-dimensionalized, and extends over a time
period of 46 t4, where t4 represents the Alfvén time,
i.e., the travel time for a distance d = 1 at the Alfvén
speed cyq = 1.

The region modelled in the present numerical simula-
tion has similar features as that of the AR 11520 where
the X1.4 flare was observed (Sect. [2). First, the asym-
metry of the magnetic polarities is reproduced, with a
27% flux imbalance favouring the positive polarity in
the photosphere. This asymmetry reflects the stronger,
leading positive polarity and the weaker, trailing nega-
tive polarity of AR 11520 (Fig. . The numerical sim-
ulation also reproduces well the shape of the sigmoid
as seen in the 94A filter at the beginning of the flare
(Fig. . This sigmoid, present at t=15:00 UT, contains
both J-shaped pre-reconnected loops and S-shaped post-
reconnected loops as seen from the top, as is shown in
the top right image of Fig. where field lines are drawn
at one time in the simulation.

Lack of null points and separatrices in the simulation
implies that reconnection takes place in QSLs. Field lines
then undergo a succession of reconnection processes as
they cross the evolving QSLs, resulting in an apparent
slipping motion. The details of such a mechanism have
been thoroughly investigated in |[Janvier et al.| (2013)).

4.2. QSL structural evolution

Quasi-separatrix layers, that correspond to a strong
distortion of the magnetic field, are for the present simu-
lation calculated with the TOPOTR routine (Démoulin
et al.|[1996) that integrates all the field lines of the vol-
ume from a fixed position in one polarity to its coun-
terpart in the other polarity. TOPOTR then measures
the squashing degree @, that is a quantification of the
magnetic field distortion (Pariat & Démoulin|2012), and
that defines QSLs for @ > 2. 2D maps of QSLs can then
be drawn anywhere in the volume, representing e.g. the
QSL footpoints with a cut at the photosphere, or the
hyperbolic flux tube (HFT) with a vertical cut into the
volume which corresponds to the central part of the QSL
volume.

An example of these QSL footpoints at the photosphere
(z = 0) can be found in Fig. where we have plotted
the contour plot of log(Q) at three different times during
the flux rope expansion of the present numerical simula-
tion. The colour table indicates the strongest magnetic
field gradients corresponding to log(Q) = 8 in red, and
weaker gradients with log(Q)) — 0 in blue. The regions in
white correspond to areas where magnetic field lines are
open, making the calculation of @) impossible (see also
Janvier et al.|[2013). The magnetic polarities in the pho-
tosphere are indicated by contour plots, with purple and
cyan for the positive and negative polarities, respectively.

We note that since QSLs correspond to regions of high
magnetic field distortion, they are expected to be formed
near strong current density locations, as was demon-
strated in [Savcheva et al.| (2012])), |Gekelman et al.| (2012)
and |[Janvier et al.| (2013]), although there is not neces-
sarily a one-to-one correspondence (Wilmot-Smith et al.
2009). Then, the evolution of QSLs is very similar to
that of flare ribbons, as is described in Sec.2 of |[Janvier
et al| (2013).

At t =5 ta, two very thin QSL structures exist (Fig.

left, red color). Both are QSLs consisting of a straight
part and a hook. Note that similarly to the magnetic po-
larity asymmetry, there is an asymmetry in the shape of
those QSLs, most pronounced for the hooks. The QSL in
the stronger positive polarity has a rounder hook, and is
localized very near the center of the polarity. In contrast
to this, the hook of the QSL in the weaker negative polar-
ity extends toward negative values and is much broader,
while the tip of the hook remains located near the centre
of the polarity. The straight part of both QSLs is close
to the polarity inversion line (PIL) indicated in yellow
colour.

As time advances, two evolutions can be seen. First,
the QSLs move away from each other, i.e., their straight
parts move away from the PIL. This motion resembles
the flare ribbon motion, as was suggested by |Janvier et al.
(2013) and as can be seen here by comparison with obser-
vations. Indeed, the distance between flare ribbons NR
and PR in 304A filter (Fig increases over time, sug-
gesting the separation of flare ribbons as is commonly
observed during eruptive flare events.

Secondly, both QSL hooks become rounder with time.
This is straightforward with the QSL in the negative po-
larity, as it extends toward negative y-direction in the
simulation (Fig. and becomes rounder. The orien-
tation of this extension corresponds to the east direction
on the surface of the Sun, and is similar to the evolution
of the NRH in AIA 304A, (Figl3| right) between 16:25
and 17:00 UT. However, the observed NRH does not be-
come rounder, instead it elongates in the south direc-
tion and remains narrow, as was described in Sect.
This is because the large-scale magnetic configuration of
the AR 11520 and 11521 is much more complex than
in the simulation. The presence of surrounding mag-
netic fields on the Sun implies the existence of numer-
ous large-scale QSLs that prevent the extension of the
flare-associated QSLs (Chen et al.|2012). The broaden-
ing QSL is then squeezed by the surrounding structures,
therefore explaining the unidirectional elongation in the
observations instead of the isotropic broadening seen in
the simulation.

In the simulation, the QSL hook in the positive polar-
ity does not extend much and while it becomes rounder,
it remains located near the center of the polarity. It is
however difficult to compare the evolution of this QSL
hook in the positive polarity with the observations. In
Figl3] the PRH is in fact an elongated ribbon, whose
structure could be more complicated than in the simu-
lation due to presence of other magnetic polarities, i.e.,
AR 11521.

For completeness, we note that at ¢ = 45 t4 another
QSL is present in the negative polarity in the simulation.
Its straight part lies very close to the PIL, and the hook
very close to the previously described QSL. This QSL
is associated with a bald patch corresponding to field
lines tangent to the surface. The bald patch does not
play any role in the reconnection of field lines in the
simulation. Its description will then be omitted in the
further paragraphs.

The evolution of the QSLs is associated with the recon-
nection process leading to the formation of new pairs of
reconnected field lines, including the flux rope envelope.
This process is detailed in the following.
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Figure 15. Evolution of the photospheric footpoints of the QSLs in the torus-unstable flux rope simulation with increasing time, showing
the structural chages of the QSLs, as well as changes in their magnitude. Individual colors depict the value of log(Q) of the squashing
factor @@ at the photosphere. @ is plotted only in areas where the magnetic field lines are locally closed within the computational box.
Pink and cyan contours denote the positive and negative magnetic polarities in the model, with the positive one being stronger than the

negative one.
4.3. Slipping motion and associated kernel brightening

In the simulation, the upward expansion of the flux
rope during its ejection creates a very thin current layer
where reconnection occurs. This current layer is associ-
ated with a HFT, as described in Fig. 2 in |Janvier et al.
(2013)). The field lines passing through the HFT undergo
multiple reconnections, and this effect is seen as an ap-
parent slippage of the field lines. In order to investigate
this fast apparent motion in detail, the numerical data
have been output from the simulation at a time cadence
of less than one Alfvén time.

Figure shows a set of selected field lines that are
evolving from ¢ = 20 to t = 20.7 t4. We picked these
times since the magnetic field lines resemble the shape
of the flare loops (Fig. . The photospheric surface
at z = 0 is shaded according to the photospheric cur-
rent density j,, with the magnetic polarities indicated
by pink and cyan contour plots. The field lines are inte-
grated from their fixed footpoints anchored in the posi-
tive polarity close to the tip of the QSL hook. This hook
is apparent in both the QSL trace (Fig middle) and
the 7. structures. With advancing time, the connectiv-
ity of the field lines changes. For example, the blue field
line is anchored in the negative polarity near the PIL at
t = 20 ta, while at t = 20.2 t4 it extends beyond the
field of view of the simulation box, and at t = 20.4 ¢4
is connected to the tip of the hook of strong j., similar
in shape to the QSL hook in the negative polarity. This
motion occurs similarly for the other field lines so that
at t = 20.7 t 4, they are all connected in the negative po-
larity near the tip of the QSL or j, hook. The continuity
of this motion can be seen in the online Movie 7.

This motion can in principle be observed with
SDO/AIA imaging by two means. First, the loops them-
selves can be seen to be moving, as is the case for their
NR footpoints discussed in Sects. (also Figs.
@ . Second, the field line footpoints can be seen

be moving as are the ribbon brightenings. These cor-
respond to chromospheric or transition region emission
due to the impact of energetic particles accelerated in the
reconnection site. In practice, both are observed at the
same time (Sect. [2.2)).

We note that in the simulation, the fast motion of field
lines is only an apparent motion due to the diffusion of
magnetic field in the current layer, not necessarily as-

sociated with motion of plasma dragged by the moving
field lines. This is because the time scale needed to fill
the field lines by chromospheric evaporation is generally
much larger than the time scale for multiple reconnec-
tions to take place in the current sheet. However, if re-
connection were to happen on a time scale that is compa-
rable with evaporation-field line filling, then the slipping
motion of field lines could be identical with that of the
flare loops. Note that the ATA instrument is able to ob-
serve only the portions of the field lines filled with high-
density plasma at temperatures given by its temperature
response (Fig. [2). Therefore, the coherent, apparently
moving loops, reported in Sect. [2.2] do not neccessarily
lie on a single, co-moving (slipping) magnetic field line.
Rather, the apparent slipping motion of these loops is an
illusion created by the apparent slipping motion of the
magnetic field itself, coupled with the plasma thermal
response.

We also note that the speed of the slipping motion
along the QSL is not uniform. This can be inferred also
from Figll6] At ¢t = 20 t4 and ¢ = 20.4 ¢4, field lines
are only slightly moving in the straight part of the QSL,
while their motion becomes much faster in the hook, as
can be seen by comparing t = 20.4 t4 with t = 20.7 t4.
This slipping velocity profile has been investigated in de-
tail in Sect. 3 of [Janvier et al.| (2013), where a peak in
the velocity profile was found near the hook of the QSL.
Smaller velocities were found at the beginning and at the
end of the slipping motion, corresponding to the straight
part of the J-shape and tip part of the hook. The peak
in the velocity profile can be explained by the fact that
the reconnecting field lines are passing through the HF T,
where @ is the highest, and the changes in magnetic con-
nectivity the most drastic.

This change of slipping motion speed can also be seen
in the observations (Sect. 2). As seen in Figs. [6] [§ and
one can see different sets of loops slipping at differ-
ent times during the flare, yet their footpoints are mostly
located in the straight part of the NR (Fig. . These
slipping loops can be seen in this location because the
field line slipping motion is slow, leaving enough time for
filling the field lines via chromospheric evaporation. It
is then possible to measure the velocity of this motion
with stackplots along different cuts (Figs. @,@ and .
Similarly, a bright loop appears at the tip of the NRH at
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fixed
footpoints

Figure 16. Images from different times of the flux rope simulation showing the evolution of the field lines undergoing slipping reconnection.
Right: top view; left: side view. With increasing time, the field lines move from the central part of the J-shaped current region (dark area
along the PIL) lying along the QSL to the tip of the hook, and finally become a part of the flux rope envelope.
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16:10:08 UT (Arrow 3 in Fig. This loop can be asso-
ciated with a slipping set of field lines found at 15:55:08
UT.

Contrary to flare loops, kernel brightenings are much
more visible moving along the ribbons, as can be seen
in the NRH in the online Movie 2 and also in the Fig.
(right column). However, this kernel motion is not
continuous but rather scattered, although the associated
reconnection process should be continuous. This can be
explained in terms of energy deposition along the QSL
footpoints. The energy from the reconnection process is
deposited at the chromosphere thanks to the energetic
particles accelerated at the reconnection site. When the
field lines are moving slowly, the energy is deposited in
a small area of the QSL footpoint, so that the resulting
chromospheric or EUV emission due to evaporation is
large. In contrast, when the field lines move fast, the
energy deposited per area is small, so that the kernel
brightening will be weaker or even practically invisible.
This is illustrated in Fig[I6] where the footpoints of the
field lines are seen to jump from the straight part of the
QSL to the tip of the hook. This jump indicates that the
change of connectivity is much more important in the
hook. Therefore, the deposition of energy in the hook
should be very low. At 16:25 UT, the intensity of the
NRH is indeed slightly lower than the straight part of
the NR, or the NRH hook (Fig. [3| fifth column).

The direction of the propagation of slipping loops dur-
ing the observed flare is also consistent with the sim-
ulation. In the numerical model, the footpoints of the
reconnecting field lines move along the QSL footpoint
(Fig toward the tip of the hook. This propagation
direction is clearly seen in Figs. [6] [ and

4.4. FEwvolution of the expanding flux rope

The slipping motion of field lines, as discussed above,
occurs on a very short time scale, typically within one
Alfvén time. When the magnetic field lines reconnect,
they either add to flare arcade or they contribute to the
flux rope envelope. We are now concerned with the latter
process.

As time passes, the reconnection process feeds the flux
rope with twisted field lines surrounding its core, lead-
ing to the continuous growth of the expanding flux rope
(e.g., Fig.5 in |Aulanier et al.|[2012). This process, re-
produced in the present 3D simulation, is similar to that
depicted in the CSHKP model where twisted field lines
construct the envelope of the flux rope. This growth of
the flux rope is related with the motion of QSLs within
the volume. Similar to separatrices in a quadripolar con-
figuration, QSLs move away from the reconnection re-
gion with increasing time (Sect. . The moving QSLs
swipe the field lines that subsequently reconnect as they
are passing in the QSLs.

Therefore, the footpoints of the field lines constituting
the flux rope, that have therefore already reconnected,
are located inside the two hooks of the QSL footpoints in
the negative and positive polarities, as shown in FiglT]
Pre-reconnected field lines that will become a part of the
flux rope are in contrast situated on the periphery, i.e.,
outside the hook. The shape of the hooks therefore gives
a good indication on the localization of the flux rope
footpoints as well as its growth with time: the rounder
and bigger the hooks become indicates how “big” the flux

rope becomes as well. In summary, the envelope of the
flux rope increases from the peripheral region by feeding
the flux rope as time goes by.

The evolution of the flux rope envelope is shown in
Fig[T7] There, we have represented a set of field lines
in pink representing the unstable flux rope core present
from the beginning of the simulation. Another set of field
lines, reconnecting between ¢t = 20 t4 and t = 27 t4, is
shown in blue. These lines are actually the same set of
field lines that are slipping from ¢t = 20 to t = 20.7 t4 in
Fig[I6] Finally, green represent field lines reconnecting
at a later time, between t = 27 to t = 34 t4. We note
that field lines reconnecting at later times surround the
field lines already reconnected, i.e., the green lines are
winding around both the pink and blue ones. Note also
that as the flux rope expands, the whole structure be-
comes increasingly stretched, leading to almost vertical
field lines near their footpoints at the photosphere, as is
apparent from the side view in Fig. (left column) at
t=41ty.

The top view shown in the right panel of Figl[T7|can be
compared directly with observations of the flare (Fig
arrows 2 and 3; Fig. [5)). These long, hot loops appearing
on the sides of the active region are added to the whole
flux rope structure by the periphery and constitute its
envelope (Fig. . The flux rope core itself is not visible.

The mechanism behind these erupting loops can be un-
derstood when looking at the top view (right panel) of
Fig[T7 The flux rope tends to erupt in a privileged di-
rection (green lines in Fig. . In the simulation, this
privileged direction is north-east. In the observations,
the erupting loops also have a preferential direction, al-
though this is south-west (Arrow 2 in Fig. [3). The ex-
istence of a privileged direction arises due to the asym-
metry of the flux rope expansion, but can be constrained
by the surrounding magnetic field, as observed here and
described in Sect. Moreover, the green field lines are
seen to erupt in the model from ¢t = 34 to t = 41 t4.
This shows that only parts of the flux rope erupt at dif-
ferent times, explaining the appearance of erupting loops
on the west (arrow 2) at ¢ = 15:40:08 UT before those
on the east (arrow 3) at ¢t = 16:10:08 UT as shown in
Figl3] Therefore, the classical approach to flux rope ejec-
tion, as described in McKenzie & Canfield| (2008) is not
complete: the flux rope is continuously fed by on-going
reconnection, leading to different sets of field lines con-
stituting the flux rope envelope having their own ejection
dynamics.

5. RADIO OBSERVATIONS AND INTERPRETATION

To gain more insight into the nature of the slipping re-
connection process, we analysed the available radio data
for the flare. These also complement the EUV observa-
tions from SDO/AIA.

At about 15:00 UT, radio burst activity started as a
noise storm in the 200-500 MHz range (Fig. first
row). The noise storm was observed by the Callisto in-
strument (Benz et al.|2009; [Monstein||2013|) in Trieste
and consisted of a group of narrowband bursts resem-
bling narrowband type III bursts. Some of the individual
bursts exhibited drifts towards lower and some to higher
frequencies. The typical frequency drifts of these bursts,
which are about 20 MHzs™!, are more than an order of
magnitude smaller than the typical mean frequency drift
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Figure 17. Evolution of the flux rope with increasing time. Right: top view; left: side view. The initial flux rope is indicated in pink,
while successively reconnecting field lines are indicated in blue (reconnection from ¢ =20t ) and green (reconnection from ¢t =27t4). The
final image shows the expansion of the whole structure and the envelope successively formed by magnetic lines reconnecting at different

times.
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Figure 18. Radio spectra of the flare observed by the Callisto
instrument in Trieste (first to third row) and by the radio spec-
trograph at the Ondfejov observatory (bottom). First and second
rows: Spectra from 15:00 UT to 16:49 UT, capturing the early
phase characterized by the noise storm, and the impulsive phase
beginning at 16:16 UT. Third and bottom rows: Detail of the DPSs
at the start of the impulsive phase around 16:16 UT.

of the type III bursts, which is about 360 MHzs™!
varez & Haddock|[1973). This means that the velocity o
the electron beams generating the noise storm bursts is
more than an order of magnitude slower than for type
III radio bursts, which is about ¢/3, where ¢ is the speed
of light.

The noise storm lasted until 16:16 UT, when the strong
radio flare started. The beginning of the strong radio
flare is marked with two drifting pulsation structures
(DPSs, e.g., Karlicky et al.||2002; Karlicky| 2004) oc-
curring during 16:16-16:21 UT: one starting at 1.3 GHz
and the other one at 1.0 GHz (Fig. bottom row).
Since these frequencies are not in harmonic relation-
ship, this indicates spatially separated plasmoids. Both
these DPSs drifted towards lower frequencies with the
frequency drift df /dt = —0.8 MHzs~!. Based on the tim-
ing, we identify them with the eruption of the series of
long S-shaped loops observed by AIA (Fig. . Note also
that at about 16:16:30 UT, several DPSs also appeared
in the 250-300 MHz range (Fig.[1§] third row), c.f.
(2004)), indicating a range of erupting structures
with different densities.

At 16:16:30 UT, broadband radio continuum was reg-
istered in the range of 1-5 GHz simultaneously with the
DPSs. The 1-5GHz radio emission peaked at about
16:22 UT. After a short decrease at about of 16:24 UT the
radio emission increased to its main maximum at 16:26
UT. At the lower frequencies (200-500 MHz), the main
maximum occurred at about 16:40 UT.

The bursty nature of the radio emission in both the
noise storm and the DPSs shows that the reconnection
during the flare is intermittent and that the energy re-
lease leading to plasma heating is not uniformly dis-
tributed in time or space. This is already hinted at by
the EUV observations from AIA (Sect. [2), which showed
discrete, apparently moving features in all filters, rather
than a continuous, near-uniform heating over the spatial
locations (ribbons) where the slipping motion of the field
line footpoints is occurring. Furthermore, presence of the
DPSs during the impulsive phase indicates (1) presence
of a current sheet and its fragmentation, (2) enhancement
of the reconnection rate (Kliem et al.|2000; Barta et al.|
2008, [2011)) at 16:16 UT, and that (3) the fast reconnec-
i of the |Petschek| (1964) type, but turbulent
with plasmoids in 3D (Daughton et al|[2011alb). Note
that the 3D MHD model of |Aulanier et al. (2012)) does
not have sufficient spatial resolution to resolve the in-
dividual small-scale processes within the current sheet.
Furthermore, since the model is pressureless, it does
not include spatial and temporal distributions of plasma
heating and particle acceleration. Therefore, the radio
data give an important complementary information to
the flare physics treated by the 3D MHD model.

6. SUMMARY AND DISCUSSION

We have presented observations of an eruptive X1.4
long-duration flare that occurred on July 12, 2012 in ac-
tive region 11520, which is a part of an active region com-
plex. The observations were compared to the 3D MHD
“standard solar flare model” of Aulanier et al.| (2012]).
The model qualitatively allows for an explanation of the
observed apparent slipping motion of both the flare and
erupting loops in terms of a torus-unstable erupting flux
rope that is fed continually by the slipping magnetic re-
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connection.

The flare itself is preceded by a brightening of several
loop systems located in active region 11521. Using mag-
netic field extrapolations, we found that one of these loop
systems shares the footpoint of a quasi-separatrix layer
corresponding to the positive-polarity flare ribbon PR.

The flare starts with the appearance of a highly sheared
flare loop in ATA 131A, outlying an active region filament
F1 seen in 304A. This flare loop appears in a pre-existing
coronal sigmoid. It subsequently develops into an arcade
of flare loops, with individual loops exhibiting apparent
slipping motion. In the early stages of the flare, there
are several episodes when the slipping motion is clearly
visible. This apparent slipping motion is of the order
of several tens of kms~! and is most pronounced in the
flare loop footpoints located in the ribbon in the trailing
negative polarities. Transition region emission from the
loop footpoints is clearly identifiable in 171A, 304A and
1600A from the beginning of the flare. These footpoints
represent the first signature of the ribbon and subsequent
local brightenings along the developing ribbon.

A number of the flare loops observed in 131A expand
in the SW direction and subsequently erupt. These loops
connect both flare ribbons and contain a series of faint,
S-shaped non-potential loops more than 250" long. The
footpoints of the erupting loops are seen to slip along
the extended hook of the positive-polarity ribbon with a
velocity of approximately 136 kms~'. A CME is subse-
quently observed by the STEREO spacecrafts.

The DEM analysis method of[Hannah & Kontar| (2012)
was applied to each AIA pixel in a limited field of
view. It confirms that both the apparently slipping and
erupting flare loops emit strongly in Fe XXI, originating
around 10 MK. This emission is seen in the 131A chan-
nel. Portions of these loops are also visible in the
94A or 193A channels, dominated by contributions from
Fe XVIII, Ca XVII and Fe XXIV. A DEM analysis leads
to an estimation of these contributions. We show that
the flare loops do indeed emit in Fe XXIV. This emission
is, except for a portion of the flare loops above the in-
version line, obscured by much stronger Fe XII emission
coming from the moss and warm coronal loops.

The observations have been qualitatively explained by
a 3D pressureless MHD simulation of |[Aulanier et al.
(2012) and |Janvier et al.| (2013). In this simulation, a
torus-unstable flux rope is located within an active region
exhibiting flux imbalance similarly to our observations.
The simulation does not contain null points or separatri-
ces, but the presence of quasi-separatrix layers leads to a
slipping reconnection regime. That is, the field lines with
one fixed footpoint in a QSL exhibit an apparent slip-
ping motion of the footpoint in the conjugate QSL. The
direction of the slipping predicted by the model is consis-
tent with the observations. The difference between the
simulated and observed velocities may be caused by the
difference between the timescales of the slipping motion
and chromospheric evaporation, as the flare loops must
first be filled with heated plasma in order to be observ-
able. Alternatively, the slipping reconnection during the
flare can happen in thicker QSLs, involving sub-Alfvénic
flare loop slipping motion, as suggested in |Aulanier et al.
(2007)), instead of apparent super-Alfvénic motion in thin
QSLs as in |Janvier et al.| (2013]).

The QSL footpoints in the simulation are in the shape
of a hook, with a straight portion in the strong photo-
spheric magnetic field, and a curved hook portion located
further away. The simulated slipping motion is faster in
the hook, in agreement with the observations. During the
simulation, the hook evolves and becomes rounder. The
presence of a hook and its evolution is reflected in the
observations, with the exception that large-scale mag-
netic field constricts the negative-polarity hook and does
not allow it to become round. Instead, the hook is de-
formed because of the presence of a large-scale QSL and
extends more than 100” to the south. The EUV inten-
sity of the ribbon hook is lower than that of the straight
portion of the ribbon, which can be understood in terms
of energy deposition. The slipping motion is faster in
the hook than in the straight part of the QSL in both
the observations and the simulation, resulting in a lower
amount of energy per unit time and area available for
chromospheric evaporation.

The flux rope in the simulation is unstable and ex-
pands, which leads to its eruption. As the reconnection
proceeds, the flux rope is fed with newly reconnected
field lines that participate in the eruption. The flux rope
envelope is observed by the ATA as long, S-shaped erupt-
ing hot loops. The erupting flux rope has a preferential
direction in both the model and observations. In the
observations this direction is modified by the large-scale
magnetic field not present in the model.

An interesting feature of the flare is that despite the
presence of an erupting flux rope and a flare arcade, the
filament F1 remains unperturbed during the entire flare.
This suggests that the real flare configurations may be
complicated by the presence of another, filament-related
flux rope that does not evolve with the rest of the mag-
netic configuration, in particular the overlying sigmoid.
We note that although there are magnetic dips close to
the photosphere in the simulation (Aulanier et al.|[2012]
Fig. 6 therein), these are part of the sigmoid and not
of any additional flux rope. This additional flux rope
must then be connected to the topological complexity of
real solar magnetic fields, as opposed to the simplified
modelled ones. We also note that such tightly-packed
flux-ropes constituting active-region filaments have in-
deed been recently reported by [Kuckein et al.| (2012) and
Yelles Chaouche et al.| (2012).

The apparent motion of EUV loops in early stages of
the flare, interpreted by the slipping reconnection, was
associated with the noise storm in the metric radio range.
The noise storm ended at 16:16 UT with the appearance
of the dm-drifting pulsation structures, indicating plas-
moid formation within the flare current sheet and their
subsequent ejection. This marks the enhancement of the
reconnection rate and the impulsive phase of the flare, as
evidenced by radio bursts observed in very broad range
of radio frequencies. Note that at this instant the long
S-shaped loop erupted and the GOES X-ray flux rapidly
increased.

In summary, we have shown that the apparent slipping
motion as a result of slipping reconnection, is indeed oc-
curring during eruptive flares. This motion is a typical
feature of the “standard solar flare model in 3D”, which
allows for a consistent explanation of many of the in-
dividual magnetically-controlled phenomena during the
eruptive flares. It also shows that null-points and true



SLIPPING MAGNETIC RECONNECTION DURING AN X-CLASS FLARE 21

separatrices are not required for the eruptive flares to oc-
cur. Radio data indicate that the slipping reconnection
is also associated with intermittent particle acceleration
and plasmoid formation.
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