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ABSTRACT

Aims. We study the formation and evolution of a failed filament eruption observed in NOAA active region 11121 near the southeast
limb on November 6, 2010.
Methods. We used a time series of SDO/AIA 304, 171, 131, 193, 335, and 94 Å images, SDO/HMI magnetograms, as well as ROSA
and ISOON Hα images to study the erupting active region.
Results. We identify coronal loop arcades associated with a quadrupolar magnetic configuration, and show that the expansion and
cancellation of the central loop arcade system over the filament is followed by the eruption of the filament. The erupting filament
reveals a clear helical twist and develops the same sign of writhe in the form of inverse γ-shape.
Conclusions. The observations support the “magnetic breakout” process in which the eruption is triggered by quadrupolar reconnec-
tion in the corona. We propose that the formation mechanism of the inverse γ-shape flux rope is the magnetohydrodynamic helical
kink instability. The eruption has failed because of the large-scale, closed, overlying magnetic loop arcade that encloses the active
region.

Key words. Sun: corona – Sun: flares – Sun: magnetic topology – Sun: chromosphere – Sun: filaments, prominences –
Sun: coronal mass ejections (CMEs)

1. Introduction

Solar eruptions are explosive ejections of large amounts of
plasma from the lower to the upper layers of the solar atmo-
sphere and are some of the most interesting events occurring
in the active Sun. Eruptions associated with coronal mass ejec-
tions (CMEs) are known as full eruptions, while those that do
not lead to a CME are termed failed eruptions. It is generally
accepted that magnetic reconnection plays a crucial role in the
process. However, the exact mechanism that drives solar erup-
tions remains to be identified. The classic tether-cutting eruption
model is based on a single, highly sheared magnetic bipole. This
model assumes that the reconnection, which occurs deep within
the sheared core region below the filament, removes stabilising
restraints (tethers), which in turn leads the flux rope to erupt
(Moore & LaBonte 1980; Sturrock 1989; Moore & Roumeliotis
1992; Moore et al. 2001). Another eruption mechanism is that
of the magnetic breakout model, which was first proposed by
Antiochos (1998) and Antiochos et al. (1999). This requires a
multipolar magnetic configuration with a central magnetic ar-
cade that is the main restraining magnetic flux of the filament
located underneath. The energy supply for the breakout eruption

? Movies are available in electronic form at
http://www.aanda.org

comes from the free magnetic energy of the filament, which can
be efficiently stored in sheared and/or twisted non-potential mag-
netic configurations (Priest & Forbes 2002).When the central ar-
cade expands upward and reconnects with the outer antiparallel
field that overarches the whole region, it is removed and side-
lobe loops of the quadrupole are created. This removal of the
main constraint over the filament leads to the explosive eruption
of the filament. The tether-cutting and breakout model both de-
scribe the disruption in the balance of the upward-directed force
of magnetic pressure and the downward-directed force of mag-
netic tension.

The magnetohydrodynamic (MHD) helical kink instability
of a magnetic flux rope anchored in the photosphere is consid-
ered as an alternative triggering mechanism for solar eruptive
phenomena. This instability is the process that transforms twist
(a measure of the windings of field lines about the axis of the
flux rope) into writhe, a measure of the winding of the flux rope
axis itself, (Rust & LaBonte 2005). It occurs when the twist ex-
ceeds a certain critical value. The conservation of helicity in
ideal MHD requires that the resulting writhe, which can have
the form of an inverse γ shape, should have the same sign as
the transformed twist (Hood & Priest 1979; Baty 2001; Gerrard
et al. 2001; Fan 2005; Török & Kliem 2005; Rust & LaBonte
2005; Srivastava et al. 2010).
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Several observational studies of filament eruptions presented
in recent years appear to agree with the breakout-initiation
scenario (Aulanier et al. 2000; Sterling & Moore 2001;
Manoharan & Kundu 2003; Ji et al. 2003; Gary & Moore 2004;
Deng et al. 2005; Pohjolainen et al. 2005; Alexander et al. 2006;
Joshi et al. 2007; Shen et al. 2012). The observations also show
that reconnection, breakout, and tether-cutting can often all be
present in the eruption (Sterling & Moore 2004). A combination
of the magnetic breakout scenario and kink instability could be
responsible for the eruption event presented by Williams et al.
(2005).

In this paper, we observationally study a failed filament erup-
tion associated with an M5.4-class flare (Schrijver 2011; Woods
et al. 2011). We describe the morphology and dynamic of the
loop arcades and filament before and after the eruption, and in-
terpret our observations in terms of the magnetic breakout and
kink instability models.

2. Instruments and data

The observations were obtained between 15:10−18:01 UT
on November 6, 2010 with the Solar Dynamics Observatory
(SDO; Lemen et al. 2010), the Rapid Oscillations in the
Solar Atmosphere (ROSA; Jess et al. 2010) imaging system
mounted on the Dunn Solar Telescope (DST), and the Improved
Solar Observing Optical Network (ISOON) patrol telescope
(Neidig et al. 1998; Balasubramaniam et al. 2010). The SDO
Atmospheric Imaging Assembly (AIA) images were taken in the
304, 171, 131, and 91 Å bandpasses using a spatial sampling of
0.6′′/pixel and a 12 s cadence; the 1700 Å bandpass had a 24 s
cadence. Owing to the SDO onboard exposure-time compensa-
tion during flare activity, the AIA image sequences consisted
of frames captured with differing exposure times (0.1−2.9 s).
To compensate for this, each AIA frame was normalised to its
respective exposure time, resulting in a time series where true
changes in intensity could clearly be observed. The magnetic
topology of the observed active region was studied with SDO
Helioseismic and Magnetic Imager (HMI; Schou et al. 2012)
line-of-sight magnetograms.

ROSA carried out simultaneous Hα-line core imaging over
a 48′′ × 52′′ field-of-view between 15:59−17:01 UT. A spa-
tial sampling of 0.069′′/pixel was used to match the telescope
diffraction limit in the blue part of the spectrum to that of the
CCD. To keep the field-of-view the same, Hα was slightly over-
sampled, corresponding to a spatial resolution of 150 km (i.e.
approximately three pixels). High-order adaptive optics were in
operation throughout the observations and the imaging quality
was further improved using the image-reconstruction algorithms
of Wöger et al. (2008). The effective cadence after reconstruc-
tion was 5.28 s.

Full-disk Hα line centre images were also obtained using the
ISOON patrol telescope with a cadence of 1 min and a sampling
of 1.1′′/pixel. ISOON is operated by the USAF at the National
Solar Observatory in Sunspot, NM and uses an effective 15-cm
aperture telescope to image the Sun. The images are acquired
in a narrow 80 mÅ bandpass in the Hα-line core, ±0.4 Å ei-
ther side of the line core and in the continuum at 6300.3 Å. A
2048 × 2048 CCD camera (14-micron pixels; 1.1′′ sampling)
obtains images with exposure times of around 10−12 ms. These
are corrected for dark-current fluctuations and compensated for
changes in light sensitivity using flat-fields acquired immedi-
ately after the data acquisition.
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Fig. 1. GOES X-ray light curve (1.0−8.0 Å) of the M5.4 class flare
of 6 November 2010 in NOAA 11121. The “x” symbols indicate the
times of the filament eruptions.

3. Observations

The GOES light curve of the flaring active region NOAA 11121
shows that the main flare peak occurred at around 15:37 UT
(Fig. 1). A slow CME from this active region was observed by
the SOHO/LASCO coronagraph at around 15:40 UT. The AIA
and ISOON instruments did not detect this CME. However, the
first filament eruption observed in AIA 304 Å and ISOON Hα
near the east ribbon (see panel e of Fig. 2) coincides with the
CME (see online movie). An examination of this filament does
not reveal clear rising motions or extensions in its morphology.
This suggests that the filament eruption was either a very weak,
failed/remnant part of the CME, or that it was directed in a ver-
tical plane towards the observer, making a detailed study very
difficult.

The second filament eruption became evident at around
16:24 UT during the secondary peak seen in the GOES light
curve (Fig. 1) and is the main focus of this paper. In Fig. 2
we show the AIA, HMI, ROSA, and ISOON images of the
observed active region at 15:59 UT (22 min after the peak of
the M5.4 flare and 25 min before the second filament erup-
tion). The HMI line-of-sight magnetograms infer a multipolar
magnetic field distribution. In the AIA 304, 171, and 94 Å im-
ages we can identify a loop arcade, labelled LA1, connecting
magnetic regions 2 and 3 (Fig. 2). The high spatial resolution
ROSA Hα and AIA 304, 171 Å images reveal a second loop
arcade (LA2) connecting magnetic regions 3 and 4 (see Fig. 2).
Furthermore, the AIA 131 Å bandpasses show a third larger loop
arcade (LA3) connecting magnetic regions 1 and 4 that overlie
the whole system.

A comparison of the AIA 304 Å images with the GOES light
curve shows that LA1 was formed shortly after the flare peak (at
around 15:37 UT) near the main flare ribbon (R2 on the AIA
1700 Å panel of Fig. 2 and online movie). This suggests that
they are classical post-flare loop arcades.

Just before the eruption, between 15:59 and 16:24 UT, the
loop arcade configurations of the flare region change dramati-
cally. Small-scale fast plasma concentrations are seen to move
from the top of the LA1 downward in both directions along the
loops (see online movie). Fast jets near the brightening on the
top of LA1 are also seen to be moving in the horizontal di-
rection (see online movie). A sequence of images taken at the
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Fig. 2. Simultaneous SDO/AIA, ROSA, ISOON images and SDO/HMI magnetogram of the observed erupting region. Five pink, dotted boxes
in the HMI line-of-sight (LOS) magnetogram denote basic patches of positive and negative magnetic flux concentrations. The erupting filament,
which is assumed to be originally located along the magnetic neutral line somewhere between regions 3 and 5, is indicated by the dashed lines in
panel a). The large white boxes in the AIA 304 Å and ISOON images indicate the ROSA Hα field-of-view. The AIA 1700 Å image shows the
position of two flare ribbons (marked as R1 and R2). LA1, LA2, and LA3 are three different loop arcade systems. The temporal evolution of the
AIA/ISOON/ROSA data depicted in panels b)−d) and f)−h) is shown in the movie provided with the online version.

AIA 171 Å and 335 Å wavelengths (panels a−d and f−i of Fig. 3)
between 16:02 and 16:24 UT show the gradual removal of the
south-eastern part of LA1 and the appearance of a new sidelobe
arcade, labelled PRLA (post-reconnection loop arcade) in Figs. 3
and 6 (see also online movie). This can also be seen in the run-
ning difference images shown in panels e and j of Fig. 3, which
were constructed by subtracting an image at around 16:02 UT
(22 min before eruption) from the image at 16:24 UT (just prior
to the eruption). The locations of dark loops inside the white
dotted boxes on panels e and j of Fig. 3, and bright areas left of
the boxes, show the removal of LA1 and appearance of PRLA,
respectively.

We used a time-series of AIA 304, 171, 131, 193, 335, 94 Å,
ROSA, and ISOON Hα images to construct space-time diagrams
(Figs. 3, 4). These show that at approximately 16:24 UT, shortly
after the removal of LA1, the lower-lying filament, located along
the neutral line between the negative polarity 3 and positive po-
larity 5 (Fig. 2), begins to rise and erupts (panels m−o of Fig. 3
and online movie). We fitted trajectories of plasma streams on
the time-distance diagrams with a parabolic function (see Fig. 4)
and determined the average acceleration as 120 m s−2 (∼0.4 g�)
for the upward plasma stream. Its projected average speed along
cut 1 is about 65 ± 15 km s−1.

The eruption is shown in a sequence of snapshots in Fig. 5,
which also demonstrate the morphological changes of the
erupted flux rope in the AIA 304 Å and 171 Å bandpasses (see
also online movie). In the initial stages the erupted loop rose
in one end while the other remained fixed (panels b and b1 of
Fig. 5). Panels c, c1, e, and e1 of Fig. 5 show clear twisting mo-
tions, and a helical twist of the erupted material following the

formation of an inverse γ structure (panels d and d1 of Fig. 5
and online movies).

Our multiwavelength observations do not show evidence
that during the eruption event some of the filament material
left the corona and developed into a CME. Instead, the erupted
plasma drains back down towards the chromosphere. The AIA
and ROSA Hα time-distance diagrams clearly show the down-
ward plasma streams of the filament material (panels m and n
of Figs. 3 and 4) along cut 1 with an average projected accel-
eration of ∼78 m s−1 (∼0.3 g�) and average downward speed of
60 ± 10 km s−1. The bottom panel of Fig. 4 is a time-distance
diagram along the γ-shape filament apex (along cut 4) showing
downward motions of the apex plasma. Analysis of the time-
series shows that the inverted γ-shape structure fades away and
finally disappears at around 17:50 UT (see online movie). We
note that a slow CME from this active region observed by the
SOHO/LASCO coronagraph does not seem to be associated with
the filament described in this paper and is most likely related
to the first eruption that occurred during the main flare peak at
around 15:37 UT.

4. Interpretation and discussion

Our observations suggest that magnetic breakout can explain
the initiation of the observed filament eruption. The breakout
model requires a multipolar magnetic configuration, which does
exists in the investigated region (see Figs. 2). The high spatial
resolution ROSA Hα data indicate that the filament threads lo-
cated near the left part of the Hα bright ribbon (see panel k
and l of Fig. 3 and online movie) may be sheared magnetic
structures, which can store a lot of non-potential, free magnetic
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energy. The observed filament threads may therefore be con-
sidered as a non-potential core field with sufficient free energy

for eruption. We suggest that the filament is restrained by the
overarching central flux arcade, LA1, seen in the 304, 171,
94, and 335 Å AIA bandpasses (Figs. 2, 3 and online movie).
LA2 (see the ROSA Hα and the AIA 304, and 171 Å images
of Fig. 2) is a sidelobe loop arcade of the quadrupole with
LA3 (AIA 131 Å image of Fig. 2) overlying the whole system.
The expansion of LA1, seen in panels a−d of Fig. 3, can form
the current sheet between the opposite-oriented polarities LA1
and LA3, and the breakout reconnection between the two ar-
cades can result in the gradual removal of LA1. The downflow
of plasma blobs along the AIA 304 Å loops could be explained
as a condensation of the hot coronal plasma in the post-flare
loops (LA1) due to a thermal instability, while the horizontal
jets coming from the brightening on the top of LA1 could be
the reconnection outflows. The PRLA in Figs. 3 and 5 begins to
form. Removing of a sufficient portion of LA1 reduces the sta-
bilising tension force and allows the eruption of the lower-lying
filament material (Antiochos et al. 1999; Aulanier et al. 2000).
If a part of the observed post-flare loops (LA1) were shrinking
downwards, as expected from the standard flare model (Forbes &
Acton 1996), they could reconnect with the opposite-oriented fil-
ament field lines located underneath (Figs. 2). This may facili-
tate the rise of the flux rope, together with breakout reconnection
between the expanding parts of LA1 and LA3.
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The post-eruption dynamics of the filament material show
evidence of the helical kink instability, a process through which
twist is transformed into writhe (Rust & LaBonte 2005). At ap-
proximately 16:39 UT, the erupted plasma developed a clear
twisted flux rope structure, as seen in panels c and c1 of Fig. 5
(see also online movie). During the next 20 min an inverse
γ-shape filament formed, and the apparent crossing of the two
filament legs is observed (panels d and d1 in Fig. 5). The inverse
γ-shape has been associated with the presence of a so-called he-
lical writhe, which is a measure of the winding of the flux rope
axis. The conservation of helicity in ideal MHD requires that
the resulting writhe must have the same sign as the initial twist
(Rust & LaBonte 2005; Green et al. 2007). To determine the
sign of the twist and writhe, we need to define which leg of
the flux rope is in foreground and which is in background rel-
ative to the observer. Figure 5 (panels d and d1) shows that the
filament segment that is connected to the right footpoint is in
the foreground because it obscures the filament segment that is
connected to the second footpoint (see also online movie). This
means that the writhe has a right-handed positive sign. The heli-
cal twist in panels c and c1 of Fig. 5 has the same configuration.
Thus, we conclude that writhe and twist both have the same po-
larity, which suggests that the helical kink instability of a twisted
magnetic flux rope is the formation mechanism of the inverse
γ-shape flux rope.

The eruption did not lead to a CME and drained back
onto the solar surface. There have been several observations
of failed eruptions (Ji et al. 2003; Alexander et al. 2006; Liu
et al. 2009), but it is still not clear exactly what defines the pre-
cise conditions that lead to a failed as opposed to a full erup-
tion. According to statistics, about 44% of the eruptions asso-
ciated with M-class flares do not lead to CMEs (Chen 2011).

Gilbert et al. (2007) suggested that the position of the reconnec-
tion site in the inverse-polarity flux rope model can determine
the outcome of an eruption, with reconnection below the fila-
ment most likely to produce a full eruption, and reconnection
above the filament to produce a failed eruption (Gilbert et al.
2001, 2007; Alexander et al. 2006). Furthermore, previous ob-
servations suggest that in the magnetic breakout or kink instabil-
ity scenario, the interaction between an eruptive filament and its
magnetic environment can also play an important role in deter-
mining the nature of the eruption (Williams et al. 2005; Gibson
& Fan 2006; Ji et al. 2003; Jiang et al. 2009). According to Ji
et al. (2003), if the higher-lying magnetic field lines above the
filament remain close, the eruption may not propagate into the
corona although an overlying closed coronal magnetic field may
not be a sufficient condition for a failed eruption to occur. The
simulations of Török & Kliem (2005) showed that the kink in-
stability could trigger a failed filament eruption if the overly-
ing magnetic field decreases slowly with height. The degree of
the helical twist in the filament may also determine the nature
of the eruption (Rust & LaBonte 2005). Other factors may in-
clude the asymmetric confinement of the background field above
the filament. This suggests that if the filament erupts asymmetri-
cally with respect to the overlying loop arcade, it is more likely
to become a failed eruption (Liu et al. 2009). In the observations
presented here, the erupted filament and the whole active region
is overlaid by a large-scale, closed coronal-loop arcade (LLA)
seen in the AIA 171 and 193 Å data (Fig. 6). This coronal loop
system connects magnetic polarities 1 and 6 and is not symmet-
ric with respect to the filament (Fig. 6). The coronal loops in the
LLA do not undergo any significant topological changes during
the whole observing period. Apparently, the breakout reconnec-
tion has opened only the lower magnetic arcade (LA3) above the
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Fig. 7. Simple schematic sketch of the breakout-initiation scenario for the observed eruption, showing that reconnection above the filament material
between LA1 and LA3 removes the central flux system (LA1) and results in the final eruption (left and middle panels). The large-scale, asymmetric,
closed, overlying magnetic loop arcade (LLA) could be the reason that the eruption is confined (right panel).

filament while higher field lines remained closed (Fig. 6). This
suggests that the eruption may be confined by this large-scale
loop arcade. Unfortunately, the analysis does not reveal the pre-
cise orientation of the erupted γ-shape flux-rope field with re-
spect to the LLA. The field orientation does not seems to favour
magnetic reconnection. A schematic diagram presented in Fig. 7
interprets the observed failed filament eruption.

5. Summary

We have presented multi-instrument/multi-wavelength observa-
tions of the solar eruption event in active region NOAA 11121
on 6 November 2010 using data obtained with the ROSA, SDO,
and ISOON instruments. These show that the eruption process
comprises the pre-eruption removal of the field lines above the
filament, eruption of the filament, development of the strong
helical twist into the erupted filament, formation of an inverse
γ-shape structure, and the draining of filament material back to
the solar surface. A morphological study of this event supports
that the magnetic breakout scenario and helical kink instabil-
ity are probably responsible for the observed evolution of the
event. The large-scale, closed, overlying magnetic loop arcade
may have confined the eruption. Future observations could fo-
cus on quantifying the amount of the helical twist, writhe, and
magnetic field.
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