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Abstract: Failed filament eruption remains mysterious on its initiation, magnetic environment, and
erupting and failing mechanisms. We present multi-wavelength observations of a failed filament
eruption and its associated hovered coronal mass ejection (hovered-CME) from limb observations of
the Ahead of Solar Terrestrial Relations Observatory. On-disk observations from Solar Dynamics
Observatory show the expansion of the anchored leg of an S-shaped filament during the pre-eruption
phase. The main eruption starts as a sudden ejection of the erupted leg, which is followed by
the appearance of EUV brightening in the S-shaped magnetic field. The brightening is spatio-
temporal accompanied with hard X-ray emission enhancement, and cancellation of opposite magnetic
polarities, which imply possible reconnection. After reaching the maximum displacement, the
erupted material drains back to the Sun along the remaining anchored leg. The non-linear force free
magnetic field extrapolation shows an S-shaped magnetic field, formed by two magnetic structures,
with a strong enveloped magnetic field. The decay index at the possible apex of the filament is 0.8–1.2.
Observations indicate that the failed filament eruption is triggered by tether cutting reconnection
and is possibly confined by the upper magnetic field. The hovered-CME, resulting from the failed
filament eruption and recording as a coronal mass ejection (CME), may cause the overestimation of
the CME count.

Keywords: coronal mass ejections (CMEs); filaments/prominences; magnetic fields; reconnection

1. Introduction

Filament eruption includes three types, such as fully, partial, and failed eruption.
Failed filament eruption, which is defined as filament, displays an initially eruptive-like
acceleration and then drains back toward the Sun after reaching a maximum height, has
been reported by [1]. Most studies of failed filament eruption focus on two aspects. One is
the triggering mechanisms and the other is the failure reasons.

It is widely believed that filament is a dense and cool plasma material that is hosted by
a magnetic flux rope (MFR) or sheared magnetic field. For the MFR hosted filament, kink or
torus instability are suggested as the possible trigger for the eruption ([2–6]). Usually, when
the twist of the MFR is more than a threshold, the kink instability occurs. The minimum
twist, as the minimum threshold, is reported as 2.5π by analytical and numerical studies ([7,8]).
The torus instability occurs when the gradient of the magnetic field with height (i.e.,
decay index) above the MFR declines at a sufficiently step rate ([5,9]). The decay index
can be calculated by n = (−z/B)∂B/∂z, ([5,10]), where B is the magnetic field strength
and z is the height above the solar surface. A typical threshold of n for torus instability
initiation is suggested to be in a range from 1.5 to 2 ([5,6]). More recently, based on MHD
simulations, [11] reported that the threshold of n is 1.4 ± 0.1 when computed at the flux
rope’s axis, and 1.1 ± 0.1 when calculated by the height of the top of the prominence.
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Moreover, as shown in [12], for complex magnetic configuration, decay index is not always
a good indicator of a possible eruption.

On the other hand, “tether-cutting” ([13,14]) and “magnetic breakout” ([15,16]) model
may be a general trigger for both type of filaments. The “tether-cutting” model suggests
that the reconnection, which occurs in the sheared core region below the filament, removes
stabilizing restraints (tethers) and leads the filament to erupt. Meanwhile, in the “magnetic
breakout” model, the reconnection first occurs between the central arcade of a multipolar
magnetic configuration and the outer anti-parallel field overarching the whole region. It
removes the overarching magnetic field, which is the main constraint over the filament,
and leads to the eruption of the filament. As suggested by [17], the role of “tether-cutting”
is bringing the filament in an unstable equilibrium for leading to kink or torus instability.
It means that “tether-cutting” is not a trigger by itself for a full eruption event.

For the eruption, MHD simulation figures out that the decay index is an important
factor in deciding whether or not a kink instability can eventually develop a successful
eruption ([9]). As pointed out by [18] that except the stress from the upper magnetic field,
the field strength at low altitude may be another factor in deciding whether or not a full
eruption can take place. By studying two failed filament eruptions, [19] suggested that
the asymmetry of background coronal fields can provide a relatively stronger confinement
for flux rope eruptions than the symmetric background fields do. Ref. [20] suggested
that beside the confinement of coronal magnetic field, the energy released in the low
corona should be another crucial element effecting a failed or successful filament eruption.
Ref. [21] present a morphological study that supports that the magnetic breakout scenario
and helical kink instability should be responsible for the observed eruption, which may be
confined by the large-scale, closed, overlying magnetic loop arcade. By studying 16 failed
filament eruptions, [22] proposed that the rotation motion during the eruption triggered by
torus instability may lead to a failed eruption. By studying a limb event, [23] found that
the inward magnetic tension force may result in the failed eruption.

Similar with successful filament eruption, the failed filament eruption is also associated
with other coronal activities. Ref. [24] reported a failed filament eruption as a driver for
vertical oscillations of coronal loops. Ref. [25] found that particles can be accelerated to non-
thermal velocities where the interaction between the erupting structure and the overlying
magnetic loop during a failed filament eruption. Ref. [26] presented an interesting case
study that a filament hovered at the height of the first failed eruption for about 12 h and
finally evolved into an eruptive one.

However, as a new phenomenon, which is recently revealed as common activity on
solar surface, the nature of the failed filament eruption has not been well understood. On
25 December 2011, a failed filament eruption, associated with a C5.5 flare, occurs. The Solar
Terrestrial Relations Observatory Ahead (STEREO-A) spacecraft is 107◦ ahead of Solar
Dynamics Observatory (SDO) on its orbit during the eruption. This event is a limb event for
STEREO-A and an on-disk event for SDO. As recorded by the coronal mass ejection (CME)
catalog (https://cor1.gsfc.nasa.gov/dailymov/dailymov/GIF/20111225.gif) (accessed on
15 September 2021), it also associates with a CME which record by COR1. It is interesting
to note that the CME is later to be found to stop upward moving with the maximum height
of 2.6 R�. It hovers around 2.6 R� and then fades away slowly. So it is not a real coronal
mass ejection, and we label it as hovered-CME in this paper. The aim of our present study
is to continue the investigation of the dynamics evolution of failed filament eruption and
its associated activities, and reveals the nature of it. The paper is arranged as follows:
in Section 2, we describe the data and observations; limb event recorded by STEREO-A
observation is presented in Section 3, and disk event recorded by other instruments are
introduced in Section 4; and summary and conclusions are presented in Section 5.

2. Data and Observations

The Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) ([27]) is a
suite of remote sensing instruments on board STEREO. It consists of an Extreme Ultraviolet

https://cor1.gsfc.nasa.gov/dailymov/dailymov/GIF/20111225.gif)


Universe 2021, 7, 405 3 of 20

Imager (EUVI), two white light coronagraphs (COR1 and COR2) and a Heliospheric Imager
(HI). EUVI images the Sun at the chromosphere and low corona in four spectral channels
(304, 171, 195, and 284 Å) out to 1.4 R� with a pixel-limited spatial resolution of 1.6 arcsec
([28]). We have investigated all of the EUV channels and found that the filament is recorded
clearly by 304 Å images and a coronal brightening in front of the filament is observed by
a 195 Å wavelength. Therefore, the 304 and 195 Å images are selected to be presented
in this paper. The temporal resolution of the 195 and 304 Å images is 5 and 10 min,
respectively. The COR1 ([29]) images of the white light corona are from 1.5 to 4 R� using
an internally occulted coronagraph. Its pixel size is 15 arc-second with a time cadence of 5
min. The COR2 images corona from 2 to 15 R� with the pixel size of 14.7 arc-second and a
temporal resolution of 30 min.

The Atmospheric Imaging Assembly (AIA) on SDO provides multiple simultaneous
high resolution full-disk images of the transition region and corona up to 0.5 R� above
the solar limb with 1.5 arcsecond spatial resolution and 12 s temporal resolution ([30]).
Seven narrow UV/EUV bandpasses centered on specific lines: Fe XVIII (94 Å), Fe VIII,
XXI (131 Å), Fe IX (171 Å), Fe XII, XIIV (193 Å), Fe XIV (211 Å), He II (304 Å), and Fe
XVI (335 Å). The temperature diagnostics of the EUV emissions cover the range from
6 × 104 K to 2 × 107 K. In this study, we have investigated all of the UV/EUV channels
with particular emphasis on 193, and 171 Å. Both bandpasses are sensitive to relatively cool
coronal plasma. Moreover, the SDO/AIA 193 Å bandpass covers the similar temperature
range with 195 Å, which is selected to provide the limb observation. The SDO/AIA 94
and 131 Å bandpass are sensitive to the high temperature wavelength (peak temperature
response of about 6MK and 11 MK in flaring regions, respectively). In the present event,
no evident hot-channel structure is observed. So, we provide an animation with 304, 171,
193 and 131 Å images to let readers to have an impression of dynamical evolution recorded
in both cool and hot channels, but only emphasis on 171 and 193 Å in the text. In order to
present features with a wide range of brightness regimes in one AIA image more clearly,
an image analysis, which is named as Multi-scale Gaussian Normalization method (MGN
method) ([31]), is used to process the AIA image. The magnetic environment of the host
active region is provided by a Helioseismic and Magnetic Imager (HMI) on board SDO. We
use the data cube of the Space-Weather HMI Active Region Patches (SHARPs) ([32]).

The Reuven Ramaty High Energy Solar Spectroscopic (RHESSI) provides the imaging
spectroscopy in X-ray, with ∼2 arcsec angular resolution, time resolution down to tens of
ms, and ∼1 keV energy resolution ([33]). We analyzed the X-ray spectrum by means of
imaging spectroscopy with the Object Spectral Executive (OSPEX) ([34,35]).

3. Solar Limb Event Observed by STEREO-A
3.1. Filament Eruption in EUVI

A sequence of selected 304 Å direct (the first and third row) and 195 Å base-difference
(the second and fourth row) images in Figure 1 show the evolution of the failed filament
eruption. The right-bottom panel shows the height-time (red stars) and velocity-time (black
stars) scatter plot, respectively. Both are deduced from the top position of the filament,
which is indicated by a white arrow in the 304 Å image.

As shown in Figure 1a, at the beginning of 08:46 UT, the host region can be identified
as a small brightening area on the east limb. The image recorded on 08:56 UT by 304 Å
clearly shows that the filament is erupting, with one leg disconnected from the solar surface.
The gradual expansion of the anchored leg can be found by comparison with Figure 1b,c.
At 09:16 UT, the visible erupted filament reaches the observational maximum height of
4.8 × 105 km, with the maximum speed of about 400 km s−1. From this snapshot, it cannot
determine whether the filament plasma moves outside the field of view (FOV) of EUVI
or not. Thus, the maximum height and velocity, deduced by EUVI observations, are the
lower limit. After that, the filament material drains back to the Sun rapidly with the speed
of about 400 km s−1 (Figure 1p). Furthermore, then it hovers around the height of 2.2 × 105

km for more than ten minutes and channels to the anchored leg with the speed of about
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180 km s−1 at last. The maximum accelerated velocity deduced from the velocity-time
scatter plot is about 1 km s−2, which is about three times greater than the solar gravitational
constant (g = 0.273 km s−2). This suggests that the eruption failed, possible due to an
inward magnetic tension force.

Figure 1g is a direct image of 195 Å. It shows that the filament is not recorded by 195 Å
wavelength. As shown in Figure 1f, associated with the filament activities, the coronal
disturbance, which represents the weak coronal brightening in front of the erupted filament
and EUV dimming in the host region, appears in 195 Å. For the 5 min temporal resolution,
these features are only recorded by two 195 Å images and move out of the EUVI FOV
before 09:05 UT. The positions of the leading edge of the coronal disturbance, as indicated
by black arrow in Figure 1f, are indicated by red triangles in Figure 1p.
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Figure 1. Dynamical evolution of the filament eruption observed by STEREO-A. The first (Panel
a–d) and third row (Panel i–l) is 304 Å image. The second (Panel e, f, and h) and fourth (Panel
m–n) is base difference image of 195 Å, with one direct image shown in (Panel g). The unit of the
X- and Y-axis is the acrsecond from the solar center. Panel p: red stars represent the position of the
top position of the filament material observed by EUVI A as indicated by arrows, and black stars
indicate the velocity deduced from the red stars; red diamonds represent the position of the bright
front observed by COR1 along the black line as shown in Figure 2h and black diamonds indicate the
velocity deduced from the red diamonds; the red triangles indicate the position of the leading edge
of the coronal transient as indicated by black arrow in Figure 1f.

3.2. Hovered-CME in COR1

The dynamic evolution of hovered-CME is shown in Figure 2. The first and third
row is a running difference brightening image. The second and forth row is the mass
distribution. The unit of both axes is solar radius from the solar center. Note the change
in the FOV between the top two rows and the bottom two rows. The bottom two rows
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are the composite image of COR1 and COR2. The hovered-CME first appears in the
STEREO-A/COR1 as a small fan-shaped intensity enhancement at 09:00 UT. It expands
at first with the velocity of about 400 km s−1. Around 09:20 UT, the front limb of the fan
shape arranges in a crisscross pattern. Finally, it evolves into a bunched shape, with the
angular width of about 48◦, and reaches its maximum height of about 2.6 R� around 09:40
UT. Figure 2c,d,g,h show that the outward propagation occurs at a local part around the
black line in Figure 2h during the later stage of the hovered-CME evolution. No evident
brightening is presented in the running difference brightening image, which obtained
between 10:10 UT and 10:05 UT, as shown in Figure 2i. It means that the hovered-CME
does not propagate from then on. While Figure 2j shows that the heated coronal material
still gathered there around the maximum height.
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Figure 2. The first (Panel a–d) and third row (Panel i) is the running difference brightening image,
and the second (Panel e–h) and fourth row (Panel j) is the mass distribution image recorded by
STEREO-A COR1/COR2. The unit of all images is the solar radius from the solar center. (Panel k)
shows the mass profile along the black line as shown in panel h.

Figure 2k shows the mass profile along the black line in Figure 2h at different times.
The leading edge of the hovered-CME is presented by the peak, which is far from the solar
center. It shows that the leading edge of mass enhancement moves outward from 09:00
UT to 09:40 UT. After 09:40 UT, the leading edge of mass enhancement shrinks obviously
with the similar maximum value. Both the running difference brightening image and
mass distribution suggest that it is not a real CME, because the heated coronal material
hovers around the maximum height and does not eject into the interplanetary. So, we
label it as hovered-CME, which is defined as a CME that displays an initially eruptive-like
acceleration and then hovers around the maximum height. In this event, it associates with
a failed filament eruption and a C 5.5 flare.

The height–time (red diamond signs) and velocity–time (black diamond signs) scatter
plot of the hovered-CME is shown in Figure 1p. By comparing the position of the erupted
filament and hovered-CME, it is easy to find that the hovered-CME appears ahead of the
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filament of 0.2 R� at first, and moves a little bit fast than that of filament. When the filament
drops down quickly, the hovered-CME moves very slowly with the speed of about several
tens kilometer per second. The escape velocity on the solar surface and around the height
of 2.6 R� is about 618 and 380 km s−1. The maximum velocity of the hovered-CME is about
400 km s−1 when it first appears in the FOV of COR1. The velocity of the hovered-CME
reaching the maximum height is about 90 km s−1. Both are less than that of the escaped
velocity at local position. This means that the hovered-CME cannot move out of the Sun
without another driving force, since the filament drains back to the solar surface.

4. Solar Disk Observations
4.1. Failed Filament Eruption Observed by SDO

From solar disk observation, the filament eruption occurs at the heliographic location
S21W20. Figure 3a is a photospheric magnetic field, with black for negative polarities and
white for positive polarities. It shows that the host active region is a small active region
with a area of 30 msh (millionths of the solar hemisphere), and the unsigned magnetic
flux of about 4.0 × 1021 Mx. However, the magnetic topology of this region is complex
with negative and positive polarities crowed into a decay negative polarity area. In this
figure, the blue contour outlines the filament profile. The filament profile shows clearly
that its left foot point roots in the positive polarity and right foot point roots in the negative
polarity. It is a small active region filament, with the length of 3.6 × 104 km. Figure 3b
shows the 171 Å filtergram before eruptions, with the dotted white line indicated the
limb as viewed from STEREO-A. The most distinctive feature is the S-shaped filament
(positive magnetic helicity) upon the polarity inverse line (PIL). The green box in both
images outlines the initial EUV brightening and its corresponding magnetic field. Figure
3c,d shows the core region of the S-shaped filament (outlined by red box in Figure 3b) of
AIA 304 and 193 Å image recorded around 07:30 UT, about 75 min before Figure 3b. In both
images, the S-shaped filament in Figure 3b is combined by two J-shaped filament threads.
Green arrow indicates the gap between them. As shown by the animation, the visible
S-shaped filament threads forms around 07:45 UT and finally evolves as the thin S-shaped
filament as we shown in Figure 3b.
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Figure 3. (a) The scale image is the line of sight magnetic field, with black for negative polarity and
white for positive polarity. Blue contour outlines the profile of the filament in 171 Å image; (b) AIA
171 Å image shows the morphology of the active region. Three vertical lines show the filament slits,
which were studied in detail in the following. Green squareness outlines the area where the initial
EUV brightening occurred. White dotted line indicates the solar limb from STEREO-A point of view;
(c) AIA 304 Å image of the filament as outlined by the red box in panel b; (d) AIA 193 Å image of the
filament as outlined by the red box in panel b.

Figure 4 shows the temporal evolution of the event. Black curve in Figure 4a shows
the soft X-ray flux in GOES 1–8 Å, and the red curve shows the temperature deduced from
two GOES energy bands. GOES soft X-ray flux curve presents a simple temporal evolution,
with monotonic increasing during the impulsive phase and monotonic decreasing during
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the decay phase. According to GOES flare definition, the associated C5.5 flare begins
at 08:49 UT, peaks at 08:55 UT and ends at 09:01 UT. The temperature curve reaches its
maximum around 08:53 UT, which is about 2 min earlier than that of the soft X-ray flux.

Ref. [36] have analyzed the spectrum of this event and found that at energies ∼9
KeV, the non-thermal contribution dominates over the thermal component. Following
their results, we show the temporal profile of thermal (3–6 KeV) and non-thermal (12–50
KeV) emission recorded by RHESSI, in Figure 4b. It covers the whole process of the failed
filament eruption. As shown by both curves, the X-ray emission increases slightly from
08:47 UT, while the impulsive increase begins around 08:51 UT in both low and high energy
band. Both RHESSI curves reach the maximum flux around 08:53 UT, which is consistent
with the GOES temperature curve.
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profile deduced from GOES flux (red curve); (b) RHESSI time profile at 3–6, 12–50 KeV; (c) SDO/AIA
EUV light curve in cool line of 304, 171, 193 and 211 Å; (d) SDO/AIA EUV light curve in hot line of
335, 094, and 131 Å; the five vertical lines indicate the following time: 1. expansion of the anchored
leg; 2. appearance of the initial EUV brightening; 3. erupting of the erupted leg; 4. GOES flare begin;
5. GOES flare peak.
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SDO/AIA EUV/UV light curves in both cool and hot channels are shown in Figure 4c,d.
The emission has been summed over the AR (Figure 3) and normalized to its preflare level.
AIA 304 Å flux curve shows slight increase around 08:42 UT. Around 08:44 UT, 304, 171 and
094 Å flux show obvious increase. The 304 Å flux reaches its maximum around 08:50 UT.
Meanwhile, the other cool lines also reach a small peak. The 304 Å flux decreases after this
peak, while flux in other wavelengths reach their second peak around 09:02 UT. Flux curve
obtained from EUVI 304 Å images is also shown in this plot, with the temporal resolution
of 5 min. Flux curve obtained from hot lines of AIA shows a simple variation with one
peak around 09:00 UT.

The on-disk dynamic evolution of the failed filament eruption can be seen more clear in
animations. It is also shown in this paper as images recorded at key time points in Figure 5
and time-distance diagrams in Figure 6. Slit positions of these diagrams are indicated by
vertical lines in Figure 3. These slits are located at three important positions of the filament:
slit 1 locates near the foot point of the anchored leg which shows the gradual expansion as
the precursor activity clearly; slit 2 locates at the area where the initial EUV brightening
occurs; and slit 3 locates at the foot-point of the eruptive leg, which shows the eruption
clearly. According to the SDO record, we will discuss the detailed evolution of the failed
filament eruption in three separate phases: (1) pre-eruption phase (08:42 UT–08:47 UT); (2)
eruption phase (08:47 UT–08:56 UT); and (3) decay phase (later 08:56 UT).

4.1.1. Pre-Eruption Phase (08:42–08:47 UT)

The gradual expansion of the anchored leg starts around 08:42 UT and can be identified
easily from Figure 5a–c. As shown in Figure 6a, the anchored leg of the filament can be
identified as dark feature along the time axis at beginning, with the width of 2900 km.
The expansion presents as the slowly rising of its upper-limb with the average speed of
about 13 km s−1. The initial EUV intensity enhancement, as the possible precursor of low
atmoshpere reconnection, first appears around 08:44:31 UT (Figure 6b) and situates under
the center of the S-shaped filament. It is indicated by the white arrow in Figure 5b. This
EUV brightening extends along the PIL at first. It is confirmed by Figure 6, that the width
of the brightening feature under the filament in all three panels is almost consistent at
first two minutes. The brightening appears under the eruptive leg around 08:44:51 UT.
While it appears under the anchored leg about 1 min later (08:45:43 UT). At that time,
the width of the anchored leg extends to about 5000 km. The narrow bright ribbon can
be seen clearly in Figure 5c. As shown in Figure 6a, the expansion of the anchored leg
becomes fast after the EUV brightening. The average expansion speed of its upper-limb is
of about 65 km s−1. In Figure 6b, the filament body around the center part expands slowly
after the EUV brightening. While in Figure 6c, the width of the filament remains stable
around the active leg.

4.1.2. Eruption Phase (08:47–08:57)

The morphological evolution of the filament during the eruption phase is shown in
Figure 5d–g. It can be seen more smoothly in Figure 6. The fast rising of the lower limb of
the filament first occurs at the center part around 08:47:07 (Figure 6b). Around 08:47:19 UT,
the fast rising of the anchored leg starts. Furthermore, then, as shown in Figure 6c, the main
filament eruption begins around 08:47:31 UT, with the active leg suddenly break off from
the solar surface. Meanwhile, the EUV brightening, which results from the evolution of
the post flare loops, begins to extend away from the PIL. It can be identified as the slowly
broaden of the brightening feature in Figure 6. Its width extends from about 4100 km at
08:47:43 UT to about 10,000 km at 08:48:43 UT along slit 1.

As indicated in Figure 6a, the average rising speed of the filament upper-limb is about
62 km s−1 at the first 3 min and then accelerates to about 103 km s−1. Meanwhile, its lower-
limb erupts with the average speed of about 97 km s−1. As shown in Figure 6b,c, the rising
speed of the filament is about 120 km s−1 and 175 km s−1, respectively. Associated with the
eruption, the compact filament expands and becomes rarefied. It expands in a large scale of
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about 5.6× 104 km, which is about 10 times of its initial width. Consequently, it can be seen
clearly that the filament is made up of several threads. No significant untwisted/twisted
feature is observed during the eruption phase, both for the whole filament or the threads.
The plasma material reaches the maximum displacement around 08:56 UT, 08:58 UT and
08:57 UT along slit 1–3, respectively. Combining this figure with on-line animation, it can
be found that the filament material hovers for about 3 min before they reach the maximum
displacement. Furthermore, then the filament shrinks a little at first and hovers again.

During the filament eruption, one thread of the filament, as indicated by green arrows
in Figure 5e,f, erupts toward the east, separates from the main filament body gradually,
and then falls down to a remote area. Considering the motivation of present study, we will
not give more detail about it.
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Figure 5. The dynamic evolution observed by SDO at 193 Å wavelength. (Panel a–c) are direct
images. (Panel d–l) are running difference images. Red curves outline the profile of the front edge
of the erupted filament. The green arrows indicate the filament material which erupted to remote
place. Contours represent the RHESSI source region. Two animations of this figure is available
in the online journal. The animation (aia_193.mpg) begins at approximately 08:40 UT and ends
at around 11:00 UT. It shows the whole dynamic evolution of the filament eruption and falling
back of the filament material. Note that the cadence is 12 s for the eruption periods (from 08:40 to
09:30) but is 1 min from 09:30 to 11:00 UT. The real-time duration of the animation is 16 s. Another
animation (aia_4wavelength.mpg) is composited of images with 304, 171, 193 and 131 Å. It begins at
approximately 07:30 UT and ends at around 09:40 UT. It shows multi-wavelength observations of the
filament eruption. The cadence is 5 min for the pre-eruption periods (from 07:30 to 08:40) but is 12 s
from 08:40 to 09:40 UT. (Two animations of this figure is available.)
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Figure 6. (Panel a–c) are time-distance diagrams along the three slits as indicated in Figure 3. Green
curves outline the profile of the upper limb of the erupted filament. Details can be found in text.

4.1.3. Decay Phase (08:57–10:20 UT)

Figure 5 h–l shows the process of the filament material draining back to its anchored
leg. During this process, the filament features in 193 Å become darker and darker. Figure 6c
shows the dark features first appear around 09:03 UT. The dark features disappear around
09:37 UT, which may represent all material pass through this slice. For the slit 2, the obvious
filament material darking occurs around 09:06 UT. Around 09:30 UT, all the material passes
though the slit 2. Figure 6a shows that the filament material goes though the slit around
09:29 UT. The average velocity of the plasma material passes though the slit 2 and slit 1 is
deduced with 203 km s−1 and 57 km s−1, respectively.
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4.2. RHESSI Observations

The reconstruction of 3–6 keV, 6–12 keV and 12–25 keV source can be obtained from
08:47 UT to 09:00 UT with about 1 min integration. These X-ray sources, observed at energy
of 3–6 keV (blue), 6–12 keV (red), 12–25 keV (yellow), and 25–50 keV (green), if obtained,
are overlaid on 193 Å images in Figure 5. Contour levels are set at 50% and 80% of the
maximum brightness of each energy band. The figure reveals the presence of single source
in 3–6 keV and 6–12 keV, which locates on the PIL and spatially coincident with the initial
brightening. It has the apparent form of a loop-top source. The source in both 3–6 keV
and 6–12 keV moves toward the active leg slowly along the PIL with about 14 and 15.7
arc-second, respectively. The HXR emission in the energy band of 12–25 keV is spatially
consistent with the low energy sources, which covers the initial brightening at the preflare
phase and locates in the middle of two ribbons. It moves toward the active leg associated
with the softer source. The HXR source in high energy band of 25–50 keV only can be
reconstructed around 08:51 UT. It is also co-spatial with the soft X-ray source.

4.3. Magnetic Topology of the Host Region
4.3.1. Long Term Evolution

The long term dynamic evolution of the photospheric magnetic field can be seen clearly
in an animation (hmi.mpg). The first and second row in Figure 7 show the morphology of
photospheric magnetic field and corresponding solar atmosphere at four selected times as
examples. For the magnetic field, the white and black contours outline the area with the
longitudinal magnetic field of ±50 Gauss. In the second row, AIA 171 Å images show the
counterpart in the solar atmosphere.

As shown in the movies, NOAA 11,387 is a newly emerging active region, which
appears in a decay negative area around 11:00 UT, 24 December 2011. During the early emer-
gence phase of the first 8 h, the newly emerging magnetic polarities, including many small
positive and negative polarities, emerge, converge and cancel very rapidly. The magnetic
field recorded at 17:00 UT ( Figure 7a), shows an example of the magnetic configuration in
the early emerging phase. In Figure 7a, several small positive polarities can be identified
in the large negative area. These positive polarities disappear very rapidly in a few min-
utes. Small EUV brightenings are identified associated with the magnetic field emergence
and cancellation. Red arrow in Figure 7e shows an example of the corresponding EUV
brightening associated with the magnetic field emergence and cancellation.

The long term existing positive polarity first appears around 24 December, 19:00 UT.
As shown in Figure 7b on 24 December, 23:00 UT, it is indicated by green arrow. Meanwhile,
some small positive and negative couples can be found around the positive polarity. EUV
brightening associated with the magnetic field emergence is indicated by red arrow in
Figure 7f. Associated with the magnetic field emergence, the fibers, which were arranged
along the PIL in low corona, appear in the EUV wavelength as indicated in Figure 7g with
red arrows.

With the continuous formation of the fibers along the PIL, a S-shaped filament forms
around 08:30 UT. Figure 7d shows the magnetic field around 25 December, 08:36 UT, just
13 min before the eruption. The profile of the S-shaped filament is outlined by red diamonds
in both images. Green pluses indicate the position where the initial EUV brightenings occur.
As shown by this image, EUV brightenings on both side of the filament locate at the
negative polarities side. Considering that the active region locates on the southwest of
the solar disk and the filament hovers in the solar atmosphere, the projection effect is
responsible for the positional deviation. It suggests that EUV brightenings should be the
possible signature of the reconnection that occurs between the opposite polarities, which
we outlined with a white box.
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Figure 7. First column (Panel a–d): SDO/HMI vector magnetograms of active region NOAA 10387
from its early emergence to the filament eruption. The longitudinal component of the magnetic field
is represented by gray-scale patches. White (black) represents positive (negative) polarity fields.
The transverse components of the field are shown with gray arrows, with lengths proportional to the
relative field strength. Red arrows indicate the emergence of opposite polarities along the PIL; second
column (Panel e–h): AIA 171 Å image. Red arrows in upper two rows indicate the EUV brightening
spatio-temporal with the opposite polarities emergence and cancellation along the PIL. Red arrows
in third row indicate dark thread along the PIL. Red diamonds outline the profile of the filament and
green pluses indicate the initial EUV brightening.
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Figure 8 shows the temporal evolution of the magnetic field in the core region as
outlined by white box in Figure 7d during the time period from around 04:00 UT to
08:44 UT. The figure shows that within the core region along the PIL, opposite polarities
squeeze and cancel before the eruption. During this time period, the magnetic flux of
the positive polarities decrease about 2.4 × 1015 Mx. While for the negative polarities,
the magnetic flux decrease at first and then increase because of the merger of nearby
negative polarities.
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Figure 8. (a)–(h) line of sight magnetic field. This figure shows the dynamic evolution of the magnetic
field in the core region, which is indicated by white box in Figure 7d.

The Non-linear Force Free magnetic Field (NLFFF) extrapolation from the pho-
tospheric vector magnetograms is a general method to reconstruct the coronal field.
Here, the NLFFF extrapolation is carried out by using boundary element integration
method ([37,38]). By using this method, [37] have revealed for the first time the presence
of a magnetic rope from the extrapolation of the three-dimensional magnetic field struc-
ture. To extrapolate the magnetic field, we used the code developed by Yu. This code is
available online (https://github.com/sjyu1988/dbie) (accessed on 15 September 2021).
The magnetic field is calculated in a Cartesian box of 140 × 115 × 100 arcsec3. As shown
in Figure 9, the main configuration of the coronal magnetic field is overlaying magnetic
loops associated with the emergence couples (red lines). Under that loops, two magnetic
structures, which outlined by yellow lines, appear along the PIL. They locate end to end to
form a S-shaped structure. As we show in Figure 3c,d, the S-shaped filament is combined
by two J-shaped filaments, which are co-spatial with the extrapolated magnetic structures.
Comparing Figures 7d and 9, it is easy to find that the EUV initial brightening locates
between opposite polarities where the nearby legs of the two small filaments are rooted in.
It confirms the ‘tether-cutting’ scene that filament eruption is triggered by the reconnection
between the nearby foot-points of two small filaments.

https://github.com/sjyu1988/dbie)
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Figure 9. NLFFF extrapolation of 25 December 2011 at 08:36 UT. The yellow lines outline the
structures, which are consistent with the two small filaments. The red lines represent the overlaying
magnetic field. Blue lines are the opened magnetic field, and orange lines represent other closed
magnetic field.

4.3.2. Non-Potential Parameters

In order to give a quantitative description of the temporal evolution of the magnetic
field, the following parameters are calculated and shown in Figure 10. There are:

1. Magnetic flux (Figure 10a): including positive (φ+), unsigned negative (φ−), and un-
signed total magnetic flux (φ). It is the sum of all pixels where field strength is greater
than 20 G. The φ is a quantitative measure of the effective size of active regions, which
provides a physical clue as to the energy available for solar eruptions ([39]);

2. Magnetic helicity transport rate Ht (Figure 10b): calculating by dH/dt =
∮

2(B ·
Ap)υzdS −

∮
2(υ · Ap)BzdS. Magnetic helicity is a quantitative measurement of the

global chiral properties of the magnetic field. It can be transported across the boundary
by the passage of helical field lines through the surface (the first term) or by the
shuffling horizontal motion of field lines on the surface (the second term) ([40]), since
the solar corona is an open volume with the photosphere as a boundary with normal
flux. Ref. [41] pointed out that both terms can be calculated with the local correlation
tracking method ([42]) from a time series of line-of-sight magnetograms ([43]);

3. Accumulated helicity ∆H (Figure 10c): integrating from the measured dH/dt. The ac-
cumulation of magnetic helicity in the corona plays a significant role in storing mag-
netic energy ([44]). For a newly emerging active region, it can estimate the magnetic
helicity stored in the solar corona;

4. αtotal (black diamond in Figure 10d): calculating by αtotal ∝ ∑ Jz · Bz/B2
z . It is provided

by HMI team in SHARP data. One σ error bars is also shown in Figure 10d. It is used
to denote a measure of the overall twist of the active region magnetic fields ([45,46]);

5. E f ree (red stars in Figure 10d): obtaining from E f ree = ENLFF − EPot. It quantifies the
energy deviation of the coronal magnetic field from its potential state and is regarded
as the upper limit of the energy that is available to power the solar eruption.

As show in Figure 10a, the magnetic flux evolution during the first 8 h remains stable.
It is consistent with the impression from the animation that many small opposite polarities
emerge, converge and cancel rapidly during the first emergence phase. The steady increase
of both positive and negative polarities start around 20:00 UT on 24 December, just about
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13 h before the failed filament eruption. It is also confirmed by the animation that even
though the small opposite polarities emerge and cancel rapidly along the PIL, the main
bipolar emerges steady. Before the failed filament eruption, the unsigned total magnetic
flux is about 4×1021 Mx. For a super-active regions, this value is usually more than 1022

Mx ([39,47]).
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Figure 10. Temporal evolution of (a) unsigned flux (black line), negative flux (plus) and positive flux
(diamond); (b) transport rate of magnetic helicity; (c) accumulated helcity; (d) αtotal (black diamond),
E f ree (red star) and GOES flux (blue curve).
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Because the fast variation of the magnetic topology during the first 8 h, the sign
of the Ht varies very rapidly around zero (Figure 10b), with the main contribution is
negative in the first 5 h and then positive in the following times. As a result, the absolute
value of the accumulated helicity is only about several one-tenth of 1040 Mx2 (Figure 10c)
around 22:00 UT on 24 December. Associated with the steady emergence of the magnetic
polarities, the helicity transport is mainly with positive sign, which is consistent with the
S-shaped filament on south hemisphere ([48]). As shown in Figure 10b, the maximum
helicity transport rate is less than 1040 Mx2 h−1. As reported by [49], a necessary condition
for the occurrence of an X-flare is that the peak helicity flux has a magnitude greater
than 6 × 1036 Mx2 s−1 (i.e., 2.16 × 1040 Mx2 h−1). Meanwhile, the accumulated helicity is
about 4.0 × 1040 around the failed filament eruption initiation. For a CME associated flare,
the accumulated helicity usually around several times of 1043 Mx2 ([50]). The small value
of Ht and ∆H is consistent with the long term evolution of the magnetic field as shown
by the movie. There is no observational evidence of sunspot rotation and shear motion
along the PIL. Both processes can result in the increase of magnetic twist on photosphere
and then accumulate the magnetic helicity in corona. Meanwhile, for the failed eruption,
no significant twisted features is observed during the whole observational phase. These
indicate that kink instability could not be the possible trigger for this event.

The αtotal shows similar evolution tendency, with the value varies during a large range
of ±0.02 Mm−1 during the first 8 h (black diamond in Figure 10d). Furthermore, then,
the αtotal appears steady increase with positive sign. In Figure 10d, the blue curve is the
GOES flux in 1–8 Å, which shows two flares that occurred in AR 10387. Both associated
with the decrease of αtotal and E f ree. For the C5.5 flare which we studied in present work,
the αtotal reaches a local maximum around 07:30 UT, about 75 min before the flare, and show
a local minimum just at the flare time. The free energy shows a decrease of about 2.3 × 1031

erg during the eruption. By a case study of [51], magnetic free energy of about 9.1×1031

is large enough to power a confined M1.2 flare. Meanwhile, the average energy is about
4.3 × 1030 erg for a CME ([52]). Considering both evidences, the free energy releases in the
present event is larger enough to power a fully eruption.

4.3.3. Decay Index

In order to quantitatively describe how fast the closed magnetic field decreases with
height, the parameter-decay index is calculated and shown in Figure 11. Following previous
researchers ([53,54]), we have designed a Flaring Polarity Inversion Line (FPIL) mask to
demarcate the AR core field, where most free energy is stored. The PIL is identified from
a smoothed longitudinal magnetic field map, and we dilate them with a circular kernel
(radius r = 2.2 Mm). It is shown as a blue contour in Figure 11a. The flare ribbons are
isolated from the AIA 1600 Å image (above 700 DN s−1), which was recorded near the
flare peak, as shown with the red contour. The intersection of the dilated PIL and flare
ribbons contributes to our FPIL mask (yellow contour). The variation of decay index
along the height is shown in Figure 11b. The initial active height of the filament cannot be
determined by SDO observation, since it is a disk-event from SDO point of view. While
for STEREO-A, the host region can be identified as a brightening area with the maximum
height of 13 Mm at 08:46:15 UT. Since the suddenly eruption of the active leg occurs around
08:47:31 UT. So 13 Mm can be used as the up limit of the apex height. Meanwhile, from the
extrapolated magnetic field, the height of the sheared arcade, where the filament is lifted, is
about 5.8 Mm. It can be used as the lower limit of the apex height. The apex height where
the filament eruption occurs would locate between the up and lower limit. As shown in
Figure 11b, vertical profile of the decay index is monotonic. Similar variation tendency of n
is also reported in several studies ([54,55]). While, in a complex magnetic configuration,
switchback or saddle-like vertical n profile is also obtained ([55–57]). In the scatter plot,
red plus indicated the height of the upper and lower limit. It shows that n is about 0.8 and
1.2 at the height of 5.8 Mm and 13 Mm, which is smaller than the common threshold value
of 1.5 and as same as the threshold value proposed by [11] for erupted filament.
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Figure 11. (a) Magnetic flied of active region NOAA 10387 on Dec 25, 08:36 UT, with red contour
for the flare region at the peak time, blue contour for PIL and yellow contour for the intersection of
the first two; (b) the height profile of the decay index above the FPIL region as outlined by yellow
contour in Panel a.

5. Summary and Conclusions

In this study, based on the solar limb observations from STEREO-A and solar disk
observations from SDO and RHESSI, we present high resolution multi-wavelength ob-
servations of a failed filament eruption, which was associated with a C5.5 flare and a
hovered-CME on 25 December 2011. We summarize the observational results as follows:

The limb observations give a sample evolution of the failed filament eruption. It
shows that the filament erupts asymmetrically with one leg anchored to the Sun while
the other undertook dynamic motions. During the eruptive process, the active leg whips
upward to the maximum height of 4.8 × 105 km, and then drains back to the solar surface
along the anchored leg. A hovered-CME that results from the filament activities appears in
COR1 as a small fan-shape, and then moves upward with the average velocity of about
200 km s−1. It reaches the maximum height of about 2.6 R�, within the FOV of COR1.

The solar disk observations give more details about the eruption. The erupted filament
is composited by two small filaments that locate along the PIL from end to end. The con-
junction of their nearby legs locate in the core field of the S-shaped filament. The failed
filament eruption starts as a gradual expansion of the anchored leg. EUV brightening
appears about 2 min later after the expansion and locates around opposite polarities where
the two nearby legs rooted. This brightening expands along the neutral line at first and
then perpendicular to the neutral line. Initial hard X-ray emission occurs spatio-temporal
with the EUV brighting. The fast rising of the filament begins as a result of active leg cut
off from the solar surface and associated with the flare ribbon separation from the PIL.
The fast rising phase lasts about seven minutes till the filament reaches the maximum
displacement. Then, the filament stays around this place for about three minutes as well
as the filament plasma begins cooling. Subsequently, the filament plasma flows to the
anchored leg and then finally drains back to the solar surface. The falling down phase lasts
for about forty minutes.

Our main results and conclusions are summarized as follows:

1. In relation to the eruption onset mechanisms is that this eruption is triggered by tether-
cutting reconnection. The observational evidence is as follows: 1. even though the
slow expansion of the anchored leg occurs earlier than that of the EUV brightening in
the core S-shape field, the impulsive eruption is related to the EUV brightening rather
than the filament expansion; 2. as the pre-eruption activity, the expansion occurs at the
anchored leg, which always fixes on the solar surface during the whole eruption; and
3. the active leg remain stable at the very beginning and then suddenly erupts into
the high coronal about two minutes later of the EUV brightening. The disconnection
between the active leg and the solar surface means that reconnection should be
occurred here; and 4. the EUV brightening first appears at the S-sharped core region
which spatio-temporal with the cancellation of opposite magnetic polarities and the
hard X-ray emission in the 25–50 KeV energy band, which is due to the non-thermal
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emission. Both are possible signatures for reconnection occurring under the filament;
and 5. no significant untwisted/twisted features are recorded by both STEREO-A
and AIA during the eruption. It means that kink instability is not possible to be the
triggered. In summary, the above observational results indicate that the eruption is
triggered by tether-cutting reconnection.

2. Concerning the failure of the eruption, it was confined by the strong corresponding
overlying field. The supported observational evidence is as follows: 1. In this study,
the active region is an ephemeral region, which emerges in a decaying region with
about 22 h before the eruption. Associated with the emergence of the active region,
magnetic loops, which are connected to the main bipolar, emerge from the photo-
sphere into the corona gradually. Two J-shaped magnetic structures, which co-spatial
with the S-shaped filament, appear just under the magnetic loops; 2. As shown in
Figure 5, the erupted filament always remain the arc-shape during its eruption, which
presents the strong confine of overlaying magnetic field; 3. The decay index at the
apex of the filament is about 0.8–1.2. It is smaller than or comparable with the critical
value; 4. Free energy release during the eruption is about 2.3× 1031 erg, which is large
enough to power a fully eruption; 5. The maximum accelerated velocity deduced
from STEREO-A observation is about 1 km s−2, which is about 3 times greater than
the solar gravitational constant (g = 0.273 km s−2). All these observational evidences
suggest that the eruption failed, possibly due to an inward magnetic tension force.

3. The associated coronal counterpart which was recorded as a CME by COR1 is not
a real coronal mass ejection. Both limb and disk observations show that there is no
coronal plasma ejected from the low atmosphere to the high coronal and even into
the interplanetary. More important, the COR1 observation shows that the moving
brightening front that is identified as CME stops when it reaches the maximum height
of about 2.6R�. These observations indicate that some CMEs, even recorded by both
COR1 and COR2, are only the transient heating and disturbing of coronal rather than
really CME.
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