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Abstract During the rising phase of Solar Cycle 24 tremendous activity oc-
curred on the Sun with fast and compact emergence of magnetic flux leading
to bursts of flares (C to M and even X-class). We investigate the violent events
occurring in the cluster of two active regions (ARs), NOAA numbers 11121
and 11123, observed in November 2010 with instruments onboard the Solar
Dynamics Observatory and from Earth. Within one day the total magnetic flux
increased by 70% with the emergence of new groups of bipoles in AR 11123.
From all the events on 11 November, we study, in particular, the ones starting
at around 07:16 UT in GOES soft X-ray data and the brightenings preceding
them. A magnetic-field topological analysis indicates the presence of null points,
associated separatrices, and quasi-separatrix layers (QSLs) where magnetic re-
connection is prone to occur. The presence of null points is confirmed by a linear
and a non-linear force-free magnetic-field model. Their locations and general
characteristics are similar in both modelling approaches, which supports their
robustness. However, in order to explain the full extension of the analysed event
brightenings, which are not restricted to the photospheric traces of the null
separatrices, we compute the locations of QSLs. Based on this more complete
topological analysis, we propose a scenario to explain the origin of a low-energy
event preceding a filament eruption, which is accompanied by a two-ribbon flare,
and a consecutive confined flare in AR 11123. The results of our topology com-
putation can also explain the locations of flare ribbons in two other events, one
preceding and one following the ones at 07:16 UT. Finally, this study provides
further examples where flare-ribbon locations can be explained when compared
to QSLs and only, partially, when using separatrices.
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1. Introduction

Active regions (ARs) consist of strong concentrations of magnetic flux that are
continuously evolving. Observations of the evolution of an AR demonstrate that
there are usually several episodes of new flux emergence during the AR lifetime,
including the appearance of new bipoles, or even new sunspots, in mature and
apparently stable ARs (e.g. Zuccarello et al., 2008; Valori et al., 2012).

The first signature of flux emergence in the photosphere is the aligment of
granules and horizontal diverging flows (Spruit, 1981; Toriumi, Hayashi, and
Yokoyama, 2012). Rising motions of subsurface magnetic fields are also de-
tectable by helioseismological analysis (Toriumi et al., 2013). Later, pores or fac-
ulae appear at the solar surface (Strous et al., 1996). Direct emergence through
the photosphere of a flux tube forming a filament has been proposed to interpret
observations of the vector magnetic field in a filament channel (Okamoto et al.,
2009; Lites et al., 2010). In the chromosphere and transition region we see a
hierarchy of loops, including the formation of arch-filament systems with upward
plasma motion at the loop tops and downward ones along their legs (Malherbe
et al., 1998; Mandrini et al., 2002; Schmieder et al., 2004; Romano and Zuc-
carello, 2007; Zuccarello et al., 2008). Low-altitude magnetic reconnection has
also been observed as chromospheric brightenings at the footpoints of new flux
during its emergence (Pariat et al., 2004, 2007; Guglielmino et al., 2010). Other
byproducts of flux emergence can be jets, plasmoid ejections (see e.g. the example
of a dynamic blob ejection in Srivastava et al., 2012; Kumar and Manoharan,
2013) and large-scale transient phenomena such as flares and CMEs (see e.g.
Schrijver, 2009; Kumar et al., 2013).

A common feature during magnetic-flux emergence is the presence of magnetic
tongues in the two main polarities at both sides of the polarity inversion line
(PIL: Lépez Fuentes et al., 2000; Chandra et al., 2009; Luoni et al., 2011; Poisson,
Mandrini, and Démoulin, 2012). Furthermore, as the magnetic field emerges at
the photospheric level, magnetic elements of opposite polarity typically show
shearing motions of a few km s~! along the PIL (e.g. Strous et al., 1996).
This evolution and, in particular, magnetic tongues are evidence that a twisted
magnetic-flux tube is progressively emerging, as shown in numerical simulations
(e.g. Hood et al., 2009; MacTaggart and Hood, 2010; and references therein).

Coronal magnetic-field modelling, or photospheric-field extrapolation, is com-
monly done with various levels of refinement. Linear force-free field (LFFF)
models [j = aB, with a constant] have been applied with success in pre-flaring
and flaring ARs to interpret and understand the observed events (e.g. Mandrini
et al., 2006; Luoni et al., 2007; Cristiani et al., 2007; Chandra et al., 2011; Reid
et al., 2012). Non-linear force-free field (NLFFF) models [j = aB, « variable
in space] are more sophisticated extrapolation methods. At present, this is an
active area of research because photospheric vector magnetograms do not fully
provide the needed boundary conditions and, therefore, the adopted assump-
tion(s) largely determine the solution (e.g. De Rosa et al., 2009; Valori et al.,
2010; and references therein).
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A typical application of magnetic-field extrapolations is the computation of
the coronal-field topology. When magnetic null-points are found in the corona,
the magnetic-field configuration in their surroundings typically shows a fan and
spine structure (Longcope, 2005; Pontin, 2011). Fan and spine reconnection
solutions around nulls have been obtained both numerically (Craig and Fabling,
1996, 1999; Wyper and Pontin, 2013) and analytically (Ji and Song, 2001;
Wilmot-Smith and Hornig, 2011). Some flares show evidence of the existence
of magnetic null- points in their reconstructed coronal magnetic configurations
(e.g. Mandrini et al., 1991, 1993; Parnell, Priest, and Golub, 1994; Aulanier et al.,
2000; Manoharan and Kundu, 2005; Luoni et al., 2007; Reid et al., 2012), but
not all of them (e.g. Démoulin, Hénoux, and Mandrini, 1994; Mandrini et al.,
1996; Bagala et al., 2000; Schmieder et al., 2007; Savcheva, van Ballegooijen,
and DeLuca, 2012).

To understand the origin and evolution of flares in magnetic configurations
without null points, Démoulin et al. (1996) generalized the concept of separa-
trices by introducing quasi-separatrix layers (QSLs), which are 3D thin volumes
where the field-line linkage experiences a drastic change. QSLs can be found in
cases where no magnetic null is present but, when a null exists, a separatrix
is located at the core of the QSL related to this null (Masson et al., 2009).
QSLs are preferred sites for the buildup of current layers and, therefore, as
with separatrices, the sites where magnetic field reconnection naturally occurs as
shown in several numerical examples (Milano et al., 1999; Aulanier, Pariat, and
Démoulin, 2005; Biichner, 2006; Pariat, Aulanier, and Démoulin, 2006; Wilmot-
Smith, Hornig, and Pontin, 2009; Effenberger et al., 2011; Janvier et al., 2013).
The computation of QSLs has allowed us to understand the location of flare
ribbons and of energy release in flares (e.g. Démoulin et al., 1997; Bagald et al.,
2000; Mandrini et al., 2006; Cristiani et al., 2007; Savcheva, van Ballegooijen, and
DeLuca, 2012; Janvier et al., 2013). Moreover, the properties of QSLs depend
weakly on the details of the magnetic-field model and, therefore, QSLs are a
very robust tool to learn about the characteristics of flare energy release (see the
reviews by Longcope, 2005; Démoulin, 2006; Mandrini, 2010).

In this article we describe the activity and analyse the topology of a set of
two active regions (ARs), NOAA numbers 11121 and 11123, observed during the
rising phase of Solar Cycle 24. The article is organised as follows. In Section 2 we
present the data used in our analysis. In Section 3 we summarise the evolution of
the AR complex, describe several episodes of flux emergence, give an overview
of a series of flares in AR 11123, and describe in detail the events starting
around 07:16 UT in GOES soft X-ray data on 11 November 2010. Section 4
presents a large-scale LFFF model of both ARs and a local NLFFF model of AR
11123. We find the presence of magnetic null-points with similar characteristics
in both magnetic field models. The relationship between magnetic-field lines in
the null neighbourhoods and the location of a low-energy event, preceding a
filament eruption, and the ribbons of a confined flare following the eruption,
provides a first hint to the interpretation and understanding of these events.
However, the field lines computed from the nulls are not sufficient to explain
the spatial extension of the emission. Then, we summarize QSL properties in
Section 5.1, while we analyse the connectivity of field lines issued from QSLs
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and their association to the observed brightenings to explain this series of events
in Sections 5.2 and 5.3. In Section 5.4, we show the observations of two other
events in AR 11123 that could be explained by the results of the same topological
computation. Finally, in Section 6, we discuss and summarise our results.

2. Observations

The Atmospheric Imaging Assembly (AIA: Pesnell, Thompson, and Chamberlin,
2012), onboard the Solar Dynamics Observatory (SDO: Pesnell, Thompson, and
Chamberlin, 2012), takes images of the Sun in seven extreme-ultraviolet (EUV)
and three UV-visible wavelength bands with a rapid cadence of 12 seconds and
a short exposure time of 0.12 seconds. The pixel sampling of SDO/AIA is 0.6”
and its field of view extends to 1.3 Rg. We mainly use the images obtained with
the following three EUV filters: 171 A(log T ~ 5.9), 211 A(log T =~ 6.2, 7.2),
and 304 A(log T ~ 4.8). SDO/AIA data are analysed using standard codes in
the Solar Software package.

The Helioseismic and Magnetic Imager (HMI: Schou et al., 2012), onboard
SDO, observes the full disk of the Sun with two 4kx4k CCDs. It provides two
sets of magnetic-field measurements simultaneously, i.e. the line-of-sight field at a
cadence of 45 seconds with a precision of 10 G and the vector magnetic field with
a lower cadence. The pixel sampling is 0.5”. SDO/HMI is a filtergraph, which
takes an image at a wavelength band and scans that wavelength to sample the
spectral line. To obtain the vector magnetic field, SDO/HMI obtains raw filter-
grams at six different wavelengths and four to six polarization states (depending
on the polarization modulation) in the Fe 1 6173 A spectral line. The four Stokes
parameters [I,Q,U, and V] at the six wavelengths are computed from the raw
data after calibration. Then, all of the Stokes parameters are averaged over 12
minutes to increase the signal-to-noise ratio, to filter the p-modes, and to lower
the cadence (to limit the data volume). The vector magnetic-field components
are computed using the code of Very Fast Inversion of the Stokes Vector (VFISV:
Borrero et al., 2011). VFISV adopts a line-synthesised model that is based on
the Milne-Eddington atmosphere. The code has been optimised for HMI data
preprocessing for which the damping constant has been set to 0.5 and the filling
factor to 1. However, for users who do not want to do the Stokes inversion
themselves, the magnetic field data are available at the Joint Science Operations
Center (http://jsoc.stanford.edu/ajax/lookdata.html).

The Télescope Héliographique pour I’Etude du Magnétisme et des Instabilités
Solaires (THEMIS: Molodij et al., 1996), in the Canary Islands, obtains the full
Stokes profiles of the Fe 1 lines, 6302.5 and 6301.5 A, with an exposure time
of 300 ms. Unlike HMI, THEMIS is a spectrograph with a slit, which has a
high dispersion of 12.5 mA per pixel but needs to scan the solar surface. The
four Stokes profiles [I,Q,U and V] are computed from the raw spectra after
calibration (Bommier and Rayrole, 2002). The vector magnetic field is finally
obtained by the inversion code UNNOFIT (Bommier et al., 2007), which is also
based on the Milne-Eddington atmosphere assumption.
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3. Nested AR Complex
3.1. Long-term Magnetic Evolution and New Flux Emergence

Solar Cycle 24 started rising at the beginning of 2010, after a long solar minimum
that lasted nearly two years. Between the beginning of 2010 and the end of 2011,
large long-living ARs were observed (see an example in Figure 1). In general,
they displayed strong activity with flares, filament eruptions, and coronal mass
ejections (CMEs) (Schrijver et al., 2011; Liu et al., 2012). Our present study
is focused on a complex formed by two ARs located in the southern solar
hemisphere during November 2010. This complex was formed by the long-living
preceding AR 11121 and the new emerging trailing AR 11123 (Figure 1(d)).
The preceding AR was born on the far side of the Sun and appeared on the
solar disc in July 2010 as AR 11089. It was a mainly bipolar region, although
significant flux emergence occurred all through its lifetime. By August 2010, it
was observed decaying as AR 11100; although again, due to new flux emergence
both in its preceding and following polarities, it reappeared as AR 11106 in
September 2010 (see Guo et al., 2013 for the analysis of the activity associated
with a small emerging bipole observed during this rotation and Schmieder et al.,
2013b for the study of a jet and associated topology). By October 2010, the
AR (AR 11112) was very extended and in the decaying phase; although again
new flux emergence occurred in its trailing main polarity (Figure 1(a), (b)). In
November 2010, the remnant main polarities appeared only as facular regions,
named AR 11121, accompanied by the emergence of a reverse bipole as the AR
crossed the eastern limb (Figure 1(c)). During this rotation, a series of smaller
bipoles emerged violently within the following polarity and formed AR 11123
(Figure 1(d)), which we analyse in detail in this article.

A detailed analysis of the evolution of the spatial distribution (presence of
tongues; Luoni et al., 2011) of the polarities during the first AR rotation indi-
cates that its magnetic helicity sign was positive (Poisson et al. 2013, private
communication). This is also evident from the shape of the emerging bipoles
shown in Figure 1 during the October and November rotations. In particular,
magnetic tongues were also present during the first stages of the appearance of
a bipole (n2-p2) in AR 11123 (see Figure 2(b)). All of these clues indicate the
emergence of twisted flux tubes with positive magnetic helicity.

3.2. Emergence of AR 11123

Several bipoles emerged successively between 9 and 10 November, forming a
cluster within the trailing negative polarity of AR 11121. The different emergence
episodes are shown in Figure 2 and all of the bipoles are labelled at a later time in
Figure 4(a). We indicate the pre-existing field with labels n0W for the western,
n0S for the southern, and nOE for the eastern zones. The emergences lead to the
birth of AR 11123. The magnetic-field evolution is shown in the movie magnetic-
evolution.mpg, attached as online material, in which the white square surrounds
AR 11123. The global evolution of the main polarities is shown in Figure 3. It
shows that the emergence of AR 11121 was far from the classical divergence
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Figure 3. Summary of the evolution of the polarities during the emergence of AR 11123. The
polarities are labeled as in Figure 2. Magenta (blue) colour is used for the path of positive
(negative) polarities. The head of the arrows indicate the polarity positions at 12:00 UT on
11 November 2010. Neighbour dots and corresponding arrow head are separated backwards by
12 hours. An extension of the arrow head indicates that a polarity was present at ~ 00:00 UT
on 10 November 2010 (initial time of magneticevolution.mpg). Dashed lines link the polarities
belonging to the same bipole when they appear separated.

observed during the emergence of bipolar ARs. The first bipole, with polarities
labelled as nl1 and pl in Figure 4, was already visible on 9 November at around
16:00 UT; its PIL was oriented in the E—=W direction. Later on, part of polarity
pl, called pl’, moved towards the West (see the movie magnetic-evolution.mpg
and Figures 2, 4(a)). A second bipole (n2-p2) was observable on 10 November at
00:00 UT, while a third bipole (n3-p3) appeared on the same day at around 09:30
UT. The last bipole, n4-p4, increased in strength between 10 and 11 November.
Several positive and negative small patches were clearly seen between nl and pl
and between n4 and p4 during the first emergence stages forming a “sea-serpent”
pattern (e.g.Pariat et al., 2004). The first bipole [nl-pl] was oriented in a NE to
SW direction, while n2-p2 and n3-p3 were oriented E-W, and finally n4-p4 was
mainly oriented S-N. This change in the successive bipole orientations created
a complex and untypical active region. As time advanced, there was a tendency
of the polarities to cluster according to their sign; in particular, forming the
following polarity (nl, n2, n3, and n4).

Both HMI and THEMIS provide the vector magnetic field of this region on 11
November. We have compared the vector field obtained with these two instru-
ments and found similar results concerning the field shear, although the strength
of the horizontal component is different (Figures 4). The transverse components
of magnetic fields suffer from a so-called 180° ambiguity. The ambiguity has been
resolved using an improved version of the minimum-energy method (Metcalf,
1994, 2006; Leka et al., 2009). When an AR is not located at the central merid-
ian, projection effects distort the geometric shape and change the observed field
components (line-of-sight and transverse) from the heliographic field components
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Figure 4. (a) and (c) Vertical [B;] magnetic-field component observed with HMI at 06:00 UT
and with THEMIS between 14:00-15:00 UT, respectively. (b) and (d) Vertical and horizontal
components observed with both instruments. White (black) regions correspond to positive
(negative) polarities. The vertical field values have been saturated above (below) 1000 G (-1000
G) for HMI and above (below) 500 G (-500 G) for THEMIS. The blue (red) arrows indicate
the direction of the horizontal-field component for the positive (negative) vertical-field regions.
The arrow density is uniform above (below) a vertical field value of 250 G (-250 G) for HMI
and 40 G (-40 G) for THEMIS. The length of the arrows is proportional to the horizontal-field
intensity. Labels on the polarities in panel (a) indicate the different emerging bipoles (see
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Figure 5. Magnetic-flux evolution in AR 11123. The flux is computed for the same field of
view shown in Figure 4(a) within the green rectangle. The existence of a negative background
is evident in the figure. The two vertical lines indicate the start and end times of the series of
events discussed in detail in Section 3.4.

(vertical and horizontal). We have removed the projection effects from the field
measurements in AR 11123, located at a heliocentric angle of about 24°, using the
formulae of Gary and Hagyard (1990). The presence of a negative environment,
in which AR 11123 was born, is clear in Figure 5, where we show the variation
of the positive and negative flux. It is also evident that the total unsigned flux
increases by around 70 % in less than one day.

3.3. The Activity in the Complex

Several X-ray flares of classes B and C took place in ARs 11121 and 11123. In
particular, five C class flares occurred in AR 11123 on 10 November and five
C and one B class flares on 11 November (Figure 6); the series of small flares
around 19:23 UT took place in a northern active region. The location of the
flares was recurrent in the new AR 11123 and some of them were connected to
AR 11121. The flare with maximum at 07:25 UT in the GOES soft X-ray curve
(Figure 6) was associated with a small CME with low speed, around 300 km s~!
(Schmieder et al., 2013a).

Many absorbing dark structures were observed in AR 11123. These were not
visible in the Ha survey obtained with the spectroheliograph of Paris Observa-
tory, Meudon, because they were small and embedded in plages. In ATA 304 A
images, the filaments appeared either in absorption or in emission when they
erupted (Figure 7). Three filaments were detectable as shown in Figure 7(a): F1
along the PIL between n2-n4 and pl-pl’, F2 along the PIL between n3 and p4,
and F3 between p2 and nOW (the western negative zone of AR 11121). All of
them were active-region filaments with lengths between 20 and 30 Mm, lying
close to the chromosphere.

Let us describe briefly each flare in AR 11123. The events occurring in the
AR complex, up to 12:40 UT on 11 November, are shown in a movie with low
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Figure 6. Soft X-ray flux as recorded by GOES in the 1-8 A energy band. The top curve
shows the flares on 11 November 2010, while the bottom curve is an enlargement at the time
of the events described in Section 3.4. The numbers above the different flare maxima in the
top curve correspond to the AR where they occur (21 stands for AR 11121 and 23 for AR
11123). The labels in the bottom enlargement indicate the events that we discuss in detail in
Section 3.4.

temporal cadence (four minutes) that combines three AIA filters (11Nov2010-
AlA-171-211-304.mpg) and is attached as online material. The C2.9 flare, with
maximum at 02:14 UT in Figure 6, was associated with a small eruption starting
at 02:00 UT between n3 and pl. We observe a semicircular brightening to the
SE of the region between 02:06 and 02:12 UT, located partially on nOE and
extending to n0S (see a snapshot in Figure 15(b)). Bright post-flare loops were
seen to develop at around 02:20 UT and later. There was no apparent change
in the filaments during this event. At around 07:16 UT a filament eruption,
accompanied by a two-ribbon flare, started and was followed by a confined flare;
these events and their context will be discussed in Section 3.4. The flare, whose
GOES curve peaked at 10:16 UT, started with the brightening of loops close to
n4 followed by a semicircular brightening towards the South, similar to the one
observed during the 02:14 UT flare. At 13:01 UT, filament F1 started moving
slowly towards the South and we see two ribbons at both sides of the PIL
between n2 and pl with no clear eruption. They were visible until 13:30 UT.
Between 15:53 and 16:27 UT, a new flare of class C4.3 occurred in AR 11123.
This event was observed in Ha as a two-ribbon flare by the Ha Solar Telescope
for Argentina (HASTA: Fernandez Borda et al., 2002; see Figure 15(c)), located
at both sides of the PIL where filament F2 lay. Finally, after some flares occurring
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in the northern hemisphere, there was a flare in AR 11123 with maximum at
19:30 UT. It was again a two-ribbon flare partially involving F3 with no evident
eruption.

3.4. The Context and the Sequence of Events at =~ 07:16 UT in AR 11123

A series of movies in the same AIA channels as those in the combined one,
but separately and with the highest ATA temporal cadence, are included as
online material. These cover the period from 06:00 UT to 08:00 UT and are
called 11Nov2010-AlA-171.mpg, 11Nov2010-AlA-211.mpg, and 11Nov2010-AlA-
304.mpg. Snapshots of the emission evolution in 304 A are shown in Figure 7.

Filament F1 was seen as a dark feature (see Figure 7(a)) up to = 06:58 UT
in movie 11Nov2010-AlA-304.mpg. Its brightness increased during almost two
minutes, without any evident eruption, and appeared dark again by ~ 07:04 UT.
Around that time, an elongated thin brightening was seen along n0S extending
in a SE to NW direction. Its brightness increased in 304 A and was maximum
at ~ 07:17 UT. A snapshot of this evolution is shown in Figure 7(b), where
other smaller brightenings are seen on n2 and the eastern portion of n4d (see
also Figure 13(b)). From =~ 07:08 to =~ 07:17 UT, filament F1 appeared as a
dark feature in expansion. A set of short loops, partially masked by filament F1,
was seen in 304, 171, and 221 A connecting n0S to pl’ (Figure 7(b)). Based on
our topological analysis (see Sections 4 and 5), we infer that the brightenings
observed on n0OS and n2-n4 could be precursors to the two-ribbon flare that
developed later along the PIL between n2 and pl.

The GOES soft X-ray curve (Figure 6) started rising at 07:16:16 UT and its
slope became steeper around 07:20 UT. Along this period filament F1 became
bright and erupted. Two flare ribbons were visible in 304 A around 07:19 UT at
both sides of the PIL where filament F1 lay. At later times, the emission in that
ATA band saturated and the ribbons were no longer discernible (see Figure 7(c)).
The GOES curve reached a maximum that corresponds to class C4.7 at 07:25
UT. We refer to this first event as FL1. The ejected material followed a curved
path towards the SW (see Figure 7(d)) as tracing the shape of very large-scale
loops connecting to the westernmost edge of the preceding polarity in AR 11121.
These large-scale loops are better seen in the movie combining the three AIA
channels at times without activity.

A second maximum appears in GOES curve at 07:35 UT, we name this event
as FL2. As filament F1’s eruption continued, a roundish ribbon (on nl, n3, n2,
and n4 to the East and n0w to the West) with a bright central bar (on p3 and
p2) started to be seen (see Figures 7(d) and (e)); these indicate the location of
event FL2. These regions appeared clearly in emission at around 07:32 UT and
later on, when the brightness due to the eruptive flare FL1 started fading. Loops
were seen connecting these brightenings (see Figure 7(e)). FL2 is a new confined
flaring episode probably induced by the filament eruption. In later images (=
07:35 UT) a “post-flare” arcade was clearly seen along the PIL, where filament
F1 previously lay and flare FL1 initiated. By 08:00 UT the global emission was
decreasing and, finally, faded.
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4. Magnetic-Field Model and Null Points
4.1. Large-scale LFFF model

To understand the origin of the events described in the previous section and their
relation to the 3D magnetic structure of the AR complex, we have extrapolated
the photospheric line-of-sight field, observed with HMI, to the corona. We first
compute the coronal magnetic field under the LFFF (or constant-«) assumption
following the work of Démoulin et al. (1997), which is based on a fast Fourier
transform method proposed by Alissandrakis (1981). Although this model can-
not take into account the photospheric-current distribution, it has proven to be
fast and efficient to compute the magnetic-field topology and compare it with
observed active events (see references in Section 1). The model takes into account
the transformation of coordinates from the location of the region on the Sun, as
seen by an observer at 1 AU, to the local solar coordinates.

To determine the free parameter [a], on which the LFFF model depends, we
have proceeded as did Green et al. (2002). A discussion on the limits of the
extrapolation method is presented by Démoulin et al. (1997). We have taken
an AIA image at 06:39 UT in the 171 A channel, when no flare or ejection was
observed, to compare the computed magnetic field lines to ATA coronal loops (see
Figure 8). The HMI magnetogram taken as boundary condition for the model
is the closest in time to this AIA image. Figure 8(b) includes the computed
field lines on the HMI line-of-sight magnetogram in the same field of view as
the ATA image. These field lines correspond to a model with a = 3.1 x 1073
Mm™'. A positive value for a is consistent with the tongues observed during
the emergence of one of the bipoles in AR 11123 (see Section 3.1) and with the
photospheric magnetic flux distribution of the two previous emergences in AR
11121 (Figure 1).
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06:39 UT - AIA/171 A

200 _

100

—-400 -300 -—-200 -180 0 100 200

Figure 8. Coronal magnetic field model of the AR complex. (a) ATA 171 A image. (b) Field
lines (black continuous lines), computed from the LFFF model, that best fit AIA loops for a
value of & = 3.1 x 1073 Mm™!. The field lines ending in an open circle reach the 3D box
selected for the figure (only its base is shown). The axes in this panel are labelled in Mm and
the isocontours of the field correspond to £ 50, + 100 G in continuous magenta (blue) style
for the positive (negative) values. These are overlaid on the AIA image shown in (a).
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4.2. Magnetic Null-points in AR 11123 in the LFFF Model

We find three magnetic null-points associated mainly to the magnetic configu-
ration of AR 11123 (Figure 9). These null points are located at a height above
the photosphere of around 8.0 Mm (N1 and N3) and of around 25 Mm (N2).

The vicinity of a null point can be described by the linear term in the local
Taylor expansion of the magnetic field. Diagonalizing the Jacobian field matrix
gives three eigenvectors (Molodenskii and Syrovatskii, 1977). The divergence-free
condition on the field imposes that the sum of the three eigenvalues vanishes
(M + A2 + A3 = 0). Furthermore, for cases in which the magnetic field is in
equilibrium with the plasma [j x B = VP], the eigenvalues are real (Lau and
Finn, 1990). That is to say, two eigenvalues have the same sign, which is opposite
to that of the third eigenvalue. The presence of a null point divides the coronal
volume into two connectivity domains, separated by the fan surface. In each
domain a spine is present, in what follows we call the lower (upper) spine to the
one below (arising from) the fan surface. These two spines are defined by the
two field lines that start at an infinitesimal distance from the null in directions
parallel and anti-parallel to the eigenvector associated with the eigenvalue having
a different sign. The fan surface is defined by all of the field lines that start at an
infinitesimal distance from the null in the plane defined by the two eigenvectors
associated with the eigenvalues having the same sign (see Greene, 1988; Lau,
1993; Longcope, 2005, for more details).

The two lower magnetic nulls (N1 and N3) have an opposite magnetic struc-
ture; N1 has two positive eigenvalues and one negative (positive null, e.g. Long-
cope, 2005) and vice versa for N3 (negative null). The ratio of the eigenvalues in
the fan plane is 7.2 for N1 and 2.8 for N3, respectively. Figure 10(b) shows a set
of field lines traced from the close vicinity of both nulls. As we will discuss in
Section 5.2, reconnection at N1 is at the origin of the low-energy event preceding
(or precursor to) flare FL1 and may play a key role in the ejection of filament F1.
Following our interpretation, we have used blue for field lines before reconnection
and red for field lines after reconnection at N1. The upper spine at N1 connects
to a positive-field region in AR 11121 (Figure 10(a)). The role of N3, whose
magnetic structure is more localized, is not clear during the events described
in Section 3.4 because the emission associated with reconnection at this null is
masked by that of flares FL1 and FL2 and the eruption of filament F1. That is
why we are not using colours to distinguish field lines before or after reconnection
(Figure 10(b)) associated with this null. It is also clear, from Figure 10(b), that
filament F1 lay below a set of N1 and N3 fan field lines that extend above the
PIL between n2-n4 and pl-pl’. This is confirmed by the NLFFF model that we
analyse in Section 4.3.
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Magnetic reconnection at null N2 plays a crucial role during flare FL2 (see
Section 5.3). For this particular null, one of the fan eigenvalues is much larger
than the other (= 14 times larger). Then, if we start computing field lines very
close to the null, as for N1 and N3, most field lines in the fan plane bend in the
directions parallel or anti-parallel to the eigenvector with the largest eigenvalue,
instead of tracing the full fan. Consequently, all computed field lines stay nearly
in one plane (Figure 11(b)). As in the case of N1, and consistently with the
evolution of flare FL2, we have drawn in blue (red) field lines before (after)
magnetic reconnection at the null N2. Field lines from this set, drawn along the
upper spine, connect away from AR 11123 as for N1 (Figure 11(a)).

4.3. Small-scale NLFFF Model and Null-point Locations

We also model the small-scale structure of AR 11123 in the NLFFF approach.
The vector magnetic field, shown in Figure 4(a), (b), is adopted as the lower
boundary condition for the model after correcting for projection effects.

The NLFFF approach requires that vector magnetic fields on a closed volume
have to satisfy the force-free and torque-free conditions. Since the magnetic field
vector is only available on the photospheric boundary, the force-free and torque-
free conditions are required to be satisfied in a well-isolated region. We adopt
the method of Wiegelmann, Inhester, and Sakurai (2006) to remove the net
magnetic force and torque, and we apply it to the magnetogram that includes
both ARs, 11121 and 11123. The flux-balance parameter (the ratio between the
total magnetic flux and its total absolute value) is about 1 %. The preprocessing
method is used in this flux-balanced region. The optimization method is applied
to this pre-processed field to compute the NLFFF model (Wheatland, Sturrock,
and Roumeliotis, 2000; Wiegelmann, 2004). First, an NLFFF extrapolation with
lower spatial resolution (a grid with a 4 x 4 binning) is computed in the large
field of view including ARs 11121 and 11123. Then, the derived model is cut and
interpolated to serve as the boundary and initial condition for another NLFFF
extrapolation with higher spatial resolution (a grid with a 2 X 2 binning), but in
the smaller field of view shown in Figure 4(a).

As in the LFFF model, we also find three null points in the NLFFF approach.
The field lines in the vicinity of the three nulls are plotted in Figure 12. The
heights of N1, N2, and N3 are 12, 22, and 14 Mm, respectively. The three
nulls have the same sign as those of the LFFF model. The ratio between the
two eigenvalues for the fan eigenvectors are 8.6, 1.9, and 2.6 for N1, N2, and
N3, respectively. We conclude that the heights and magnetic structure of the
nulls found in the LFFF and NLFFF models are similar, which is a further
confirmation that the three nulls are indeed present in the magnetic config-
uration of AR 11123. The main difference in the characteristics of the three
null points is that for N2 the relation between the two eigenvalues for the fan
eigenvectors is much higher in the LFFF than in the NLFFF approach; i.e. null
N2 is an asymmetric (close to 2D) null point in the LFFF apporach and it is
more symmetric in the NLFFF model (compare Figure 11 to Figure 12). For
nulls N1 and N3, the relation between the two fan eigenvalues is closer in both
modelling approaches. Problems in the NLFFF model, such as the fact that the
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divergence-free condition is not well satisfied, could be at the origin of these
differences.

Another key structure in the events that we analyse in detail can be found by
the NLFFF model. This is the low-lying highly sheared set of magnetic field lines
(orange lines in Figure 12) that represents the magnetic structure of filament
F1 (see Figure 7). The highest part of this set of orange field lines reaches
approximately 4.4 Mm and still lies under the fan field lines of N1 and N3.

4.4. Relevance of the Null-points in the Observed Flares

Since the three magnetic null-points have, in general, different eigenvalues in
their fan planes, field lines passing close to any of them have a strong tendency
to cluster around the direction of the eigenvector with the largest eigenvalue
(Figures 10-12). This contrasts with the shape and extension of the emission
of the low-energy precursor to FL1 and that of flare FL2, described in Sec-
tion 3.4. The brightenings from these events are not restricted to the portion
of the separatrix that we can trace when only computing field lines from the
close neighbourhood of the nulls. A possibility to explore would have been to
search for the presence of separators linking the nulls of opposite sign: N1 to N3
and/or N2 to N3. However, based on our past results that relate the magnetic-
field topology to flares (see Section 1), we rather choose to explore a broader
concept by computing QSLs. If a separator is present, it is a particular case of a
hyperbolic flux tube (HFT) that characterises the core of QSLs (Titov, Hornig,
and Démoulin, 2002).

More precisely, we describe the relevance of null points N1 and N3 together
with that of QSLs in Sections 5.2 and 5.3 for both flares. Indeed, we recall
that a separatrix of a null point is a special part of a QSL where the field-
line connectivity is discontinuous. Indeed, a separatrix is embedded in a QSL
and a drastic change of connectivity occurs at both of its sides (Masson et al.,
2009). However, QSLs are a more general concept than separatrices, which are
present in 3D magnetic configurations even without magnetic null points. 3D
reconnection occurs at QSLs with the continuous slippage of magnetic field lines,
as deeply analyzed in MHD simulations (Janvier et al., 2013, and references
there in). When a separatrix is present within a QSL, the slippage velocity
simply becomes infinite when crossing the separatrix. Then, in 3D magnetic
configurations, reconnection at null points can be viewed as a particular case of
reconnection within QSLs. In order to shorten the description of the relationship
between the coronal field model derived in Section 4.1 and the flare observations
we describe together the implications of nulls and QSLs in Sections 5.2 and 5.3,
emphasizing the role of the null points when appropriate.

5. Quasi-separatrix Layers in the AR Complex
5.1. Computing QSLs

The method to find QSLs in a magnetic configuration was first described by
Démoulin et al. (1996). QSLs were then defined using the norm, N, of the
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Jacobian matrix of the field-line mapping. However, N depends on the direc-
tion selected to compute the field-line mapping; therefore, N has, in general,
different values at both photospheric footpoints of a field line. Titov, Hornig,
and Démoulin (2002) solved this problem by showing that the squashing degree,
Q, is independent of the mapping direction. @ is simply N squared divided by
the ratio of the vertical component of the photospheric field at both field-line
footpoints. This ratio corrects for the natural expansion of a flux tube with
variable field strength and magnetic-flux conservation. Then, ) includes only
the distortion of the field-line mapping, independently of the field strength, and
has the same values at both field-line footpoints. () can be also computed in the
coronal volume and has the property to be constant along each field line.

QSLs are computed by integrating a huge number of field lines. A key point
is to use a very precise integration method since derivatives of the mapping are
later computed to calculate N and, a posteriori, Q. In order to decrease the
computation time we use an adaptive mesh, as follows. First, ) is computed
on a coarse mesh, which has a spatial resolution comparable to that of the
magnetogram. Then, this mesh is refined iteratively only around the locations of
the largest values of ). The fraction of points retained at each iteration controls
the computation speed and how much the finally calculated Q-map will extend
towards the lower values of Q). The iteration at a location is ended when the QSL
is locally well resolved or, ultimately, when the limit of the integration precision
is reached. Such computations can be performed at the photospheric level (as
in this article) and also within the full coronal volume (Pariat and Démoulin,
2012). As in previous work, we select a large value of @ to show the extension
of the QSL traces at the photospheric level.

In Sections 5.2 and 5.3, we show the trace of QSLs only for the LFFF model
because the topology, calculated in Section 4, is basically the same for the
LFFF and the NLFFF extrapolations. Furthermore, the location of QSLs is
strongly determined by the distribution of the field polarities at the photosphere
in complex regions (see references in Section 1), which is the same for both
models. However, as the LFFF model is not able to represent the highly sheared
structure of filament F1, QSLs at both sides of the PIL where filament F1 lies,
and that would trace the ribbons of flare FL1, will not be present.

5.2. QSLs and the Precursor of Flare FL1

Null points, their associated separatrices, and, more generally, QSLs are the
expected locations where magnetic reconnection can occur efficiently in the
corona to release the stored magnetic energy (Section 1). The released energy is
transported along field lines, by energetic particles and thermal conduction, to-
ward the chromosphere, where it is deposited and we observed the flare ribbons.
Then, in this theoretical framework, we are expecting that the flare ribbons are
located at the base of the QSLs. Below, we compare such prediction, based on
the magnetic extrapolation of the photospheric magnetic field, with the observed
flare ribbons. Compared to previous studies, the challenge here is the complexity
of AR 11123 magnetic configuration, which was formed by the emergence of sev-
eral non-parallel bipoles. This creates a complex coronal magnetic-configuration,
with 3 null points at a significant height and a complex “web” of QSLs.
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Topological Analysis of Emerging Bipole Clusters in an AR

The photospheric trace of QSLs (black continuous lines) located along the
polarities associated to null N1 is shown in Figure 13(a), together with a set of
field lines computed starting integration at both of their sides. The value of @
is extremely high as these QSLs have separatrices within them; in particular,
Q > 10 for the traces shown in Figures 13(a)—(c). For the sake of clarity,
Figure 13(c) illustrates the QSLs on a section of the magnetogram in the left
panel that covers the same field of view of the ATA image in Figure 13(b). The
shape of the QSLs can be easily compared to the shape of the 304 A emission.
The southern portion of the elongated brightening or band clearly agrees with the
shape of the southernmost QSL. Furthermore, a set of smaller ATA brightenings
are located on polarities n2 and n4 along the QSL lying there. This indicates that
magnetic reconnection at null N1 and its associated separatrices/QSLs could be
at the origin of this set of brightenings preceding flare FL1.

Taking into account the computed topology and the evolution of the events
discussed in Section 3.4, the role of magnetic reconnection at null N1 can have
two different interpretations in relation to the eruption of filament F1 and
accompanying flare FL1.

First, field lines connecting polarities n2-n4 to p1l can reconnect at the location
of null N1 with the large-scale lines having footpoints in n0S and the positive
polarity to the SE of AR 11121 (Figure 10(a)), that we will call pSE. Both sets
of field lines are shown in blue in Figure 13(a). As a result of this process, the
reconnected field lines would link polarities n0S to pl and n2-n4 to pSE. These
have been drawn in red in Figure 13(a). This reconnection process starting at
null N1 neighbourhood and its separatrices, where currents are expected to be
the strongest, would evolve to involve the corresponding QSLs (Masson et al.,
2009). In this case, we expect to see brightenings on n0S and pl and n2-n4
and pSE, where the QSLs are located. Some of these brightenings appear in
Figure 13(b) (see also the movie 11Nov2010-AlA-304.mpg); however, the dark
filament F1 in expansion covers the emission on pl and partially to the East of
n0S. We should also observe an enhancement on pSE but, if an equal amount of
energy is injected in both small-scale and large-scale reconnected loops, this is
very unlikely due to the dilution of the energy deposited in a large volume, as
seems to be the case when looking at the movies attached as online materials;
even more, if we consider that this is not as energetic event as flares FL.1 and FL2.
In this case, reconnection at N1 would decrease the tension of the field overlying
filament F1 and facilitate its eruption as in a break-out model (Antiochos, 1998;
Antiochos, DeVore, and Klimchuk, 1999), but occurring in a lateral connectivity
cell (Aulanier et al., 2000). This low-energy event would be a precursor to FL1
in a similar way to field reconnection associated with the four kernels observed
before the X17 flare on 28 October 2003 (Mandrini et al., 2006).

Second, it is also possible that the filament eruption is driven by a tether-
cutting process (Moore et al., 2001), as is suggested by the fact that the filament
apparently moved upward and became bright at ~ 06:59 UT for a few minutes.
However, no eruption occurred and filament F1 was seen dark again from =
07:04 UT to ~ 07:17 UT, when the elongated band on the southernmost QSL
evolved increasing its brightness. The filament started to expand again from
around 07:08 UT and later erupted. In this case the direction of reconnection
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was the same as in the first case, but it was forced at null N1 by the filament itself
as it expanded. From a conservative point of view, we feel that the observations
are not conclusive in supporting one or the other interpretation.

Next, we point out that the westernmost sections of the QSLs located on
n4 (mainly its extension towards pl’, but still on the negative magnetic field
polarity), pl, and n0S are the places where field lines in the fan of null N3 are
anchored (compare Figure 13(c) to Figure 10(b)). Although we cannot clearly
isolate the emission due to reconnection in this null point, mainly because of its
local nature, we think that it is present at different times during the series of
events discussed in Section 3.4; notice, in particular, the brightest region to the
SE in Figure 14(b).

Another aspect, which is evident from the extension of the elongated bright-
ening on n0S to the West, is that filament F1 expansion also forced reconnection
at the QSLs associated to null N2 at this earlier time period; i.e. the shape of
this portion of the bright band is similar to that of the QSL on n0S shown in
Figure 14, although it is less extended and located eastwards.

Once filament F1 erupted, ATA observed two ribbons at both sides of the
PIL where the filament was. The evolution of flare FLL1 can be explained by
the “standard” (or CSHKP) model for eruptive flares by Carmichael (1964),
Sturrock (1966), Hirayama (1974), and Kopp and Pneuman (1976). Although
the intensity of the emission does not let us see the two ribbons clearly around
flare maximum, a “post-flare” arcade appeared visible (=~ 07:35 UT) on both
sides of the PIL when the emission started decaying.

5.3. QSLs and the Flare FL2

The comparison of the photospheric trace of QSLs (black continuous lines)
located along the polarities associated to null N2 and flare FL2 emission is
illustrated in Figure 14. As happens for the QSLs associated to null N1, the
value of @ is extremely high, being > 10'° for the traces shown in Figures 14(a)
and (c). The QSL traces closely resemble the shape of the roundish bright ribbon
of flare FL2 and its central bar (compare panels (b) and (c¢) in Figure 14). A set
of field lines computed starting integration at both sides of the QSLs has been
included in Figure 14(a). Those computed from the outer border of the roundish
QSL connect to an elongated region in the preceding western positive polarity
of AR 11121 (see Figure 11), which we will call pW. These results indicate
that flare FL2 results from magnetic reconnection at N2 and its associated
separatrices/QSls.
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Topological Analysis of Emerging Bipole Clusters in an AR

A section of filament F1 lay along the PIL between polarities n4 and pl’-p2
(see Figure 7(a) and the set of orange field lines in Figure 12(a)). Although
this section did not erupt, it is highly probable that it evolved and brighten
during the eruption of the southern section forcing reconnection at null N2 and
associated separatrices/QSLs, while flare FL1 was already underway. The set
of field lines lying above this filament section would, then, reconnect to the
large-scale lines connecting n0OW to pW. Both sets have been drawn in blue in
Figure 14(a). The resulting reconnected field lines would connect n0W to p1’-p2
and the chain of negative polarities n1-n4 to pW. These field lines are shown in
red in Figure 14(a). As for null N1, this reconnection process is expected to start
at null N2 neighbourhood and its separatrices, where currents are the strongest,
and evolve to involve the corresponding QSLs (Masson et al., 2009). Notice that,
at the time of the image shown in Figure 14(b), the brightest part of flare FL.2
ribbons agrees with the location of the footpoints of field lines drawn in the
fan of null N2 in Figure 11(b). Finally, as flare FL2 evolved, we expect to see
flare ribbons at the QSL along the chain of negative polarities n1-n4, the QSL
on pl’-p2 and that on nOW, giving the roundish feature and the bright central
bar. We should also observe an enhancement on pW but, as in the case of the
brightening on pSE, this is very unlikely for the same reasons.

5.4. Other Flaring Episodes in AR 11123

When computing the QSLs associated with nulls N1 and N2, we also find other
traces at different locations from those corresponding to the events discussed
in the previous section. Figure 15(a) illustrates the locations of the full set of
QSLs, those pointed with black (grey) arrows follow approximately the shape of
the ribbons of the flare C2.9 (C4.3) starting at around 01:58 UT (15:53 UT),
which is shown in Figure 15(b)((c)). For these traces the value of @ is much
lower (between 10% and 10%).

It is not our aim to discuss the C2.9 and C4.3 flares in detail in this article,
we only want to stress two aspects. First, these events can also be explained by
reconnection at QSLs. Second, although the magnetogram used as boundary con-
dition to compute the locations of QSLs is closer in time to the events described
in Section 3.4, we also find the QSLs associated with these two flares. This is
so because, as stated before, the location of QSLs is strongly determined by the
distribution of the polarities at the photosphere. In this respect, we remark that
by early 11 November all of the polarities in AR 11123 had already emerged and
we neither measure a further magnetic flux increase (see Figure 5) nor observe
relevant photospheric polarity displacements along that day.

6. Summary and Discussion
A complex, formed by the decaying AR 11121 and the new emerging AR 11123,
produced ten flares on 11 November 2010. The new AR, which was born in the

negative environment of the following polarity of AR 11121, was composed by a
series of bipoles that emerged violently in less than one day. The activity in the
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complex occurred mainly in this new AR at recurrent locations and was related
to the activation and, sometimes, eruption of short and low-lying AR filaments
(F1, F2, and F3). To interpret the observations, obtained by instruments on-
board SDO (AIA and HMI) and from the ground (THEMIS and HASTA), and
understand the origin of several flares and a filament eruption, we have modelled
the magnetic field of the complex in the LFFF and NLFFF approaches.

The presence of coronal magnetic null points is an indication of a complex
topology, i.e. a configuration where magnetic reconnection can occur (see refer-
ences in Section 1). We find three coronal magnetic null points in AR 11123 at
similar locations and with similar characteristics in the LFFF and the NLFFF
approaches: two positive nulls (N1 and N2) and a negative null (N3). These
similarities give support to their existence.

The understanding of the role of brightenings preceding filament eruptions
and/or flares is crucial to learn how the eruptive configuration is built up and
driven towards an instability. Preflare events have not been analysed frequently
(e.g. Farnik, Hudson, and Watanabe, 1996; Williams et al., 2005; Mandrini et al.,
2006) because these precursors are low-energy events which do not stand out
against other background emissions.

We find that magnetic reconnection at the southernmost null point [N1] plays
a key role during the eruption of filament F1. This null point has an asymmetric
fan structure since, both in the LFFF and the NLFFF extrapolations, one of
the fan eigenvalues has a larger amplitude, by a factor between ~ 7 and =
9, than the other one. This implies a very asymmetric magnetic configuration
around N1 with field lines concentrating around the eigenvector with the largest
eigenvalue. We observe a compact brightening approximately at the location
of the fan field-line footpoints to the North and a very elongated brightening
to the South. These are precursors to flare FL1. No brightening is discernible
either at the location of the lower spine-related field-line footpoints, since it
could be masked by the expanding filament F1, or at the upper spine-related
field-line footpoints in the preceding positive polarity of AR 11121, since energy
deposited in the very long reconnected field lines could be dissipated before
reaching the chromosphere. Furthermore, the evolution of the elongated ATA
brightening and the different steps during the expansion of filament F1 are not
conclusive in relation to the scenario that forces its eruption, which is followed
by the two-ribbon flare FLL1. We cannot discriminate between a breakout and a
tether-cutting process. However, it is clear that filament F1 eruption and null-
point reconnection “interact” in a positive feedback way. The filament eruption
drives null-point reconnection, while the later facilitates the former by reducing
the magnetic tension.

Next, our topological analysis indicates that magnetic reconnection at the
northernmost null point [N2] is fundamental to understand the location of the
ribbons during flare FL2. As stated in Section 5.3, it is highly plausible that the
destabilization of filament F1 drives reconnection at null N2 giving rise to the
confined flare FL2. The fan of null N2 is highly asymmetric in the LFFF model,
while this asymmetry is much less in the NLFFF extrapolation. This is the
main difference we have found between the two modelling approaches in relation
to magnetic null points. On one hand, flare FL2 presents a roundish ribbon,
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as expected, and the emission intensity is higher at the locations where the fan
field-line footpoints cluster due to the difference between the amplitude of the fan
eigenvalues. On the other hand, flare emission from inside the roundish ribbon,
where the inner spine footpoint is located, is not compact; it extends forming
a bright band, then the null-point topology is not sufficient to understand the
observed ribbons.

The extension of the observed precursor brightenings of flare FL1 and the
intensity distribution of flare FL2 ribbons are both explained by the location
of QSLs in AR 11123. The traces of QSLs agree closely with all precursor
and flare FL2 brightenings and, as in Masson et al. (2009) and Reid et al.
(2012), the magnetic null-point separatrices are embedded in more extended
QSLs. Furthermore, the results of our more complete topological analysis are
also useful to understand two other events, one previous to and one following
the ones that we analyse in detail. Reconnection proceeding within these more
general topological structures was found in MHD simulations (Aulanier, Pariat,
and Démoulin, 2005; Aulanier et al., 2006; Masson et al., 2009). QSLs can explain
more diverse events than the magnetic topology limited to separatrices can do
(Section 1). This is further shown in the events studied since, computing only
magnetic null points and their associated separatrices, it would not have been
possible to understand the full extension of the observed events.
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