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ABSTRACT

Double-decker filaments and their eruptions have been widely observed in recent years, but their physical
formation mechanism is still unclear. Using high spatiotemporal resolution, multi-wavelength observations
taken by the New Vacuum Solar Telescope and the Solar Dynamics Observatory, we show the formation of
a double-decker pair of flux rope system by two successive tether-cutting eruptions in a bipolar active region.
Due to the combined effect of photospheric shearing and convergence motions around the active region’s po-
larity inversion line (PIL), the arms of two overlapping inverse-S-shaped short filaments reconnected at their
intersection, which created a simultaneous upward-moving magnetic flux rope (MFR) and a downward-moving
post-flare-loop (PFL) system striding the PIL. Meanwhile, four bright flare ribbons appeared at the footpoints
of the newly formed MFR and the PFL. As the MFR rose, two elongated flare ribbons connected by a relatively
larger PFL appeared on either side of the PIL. After a few minutes, another MFR formed in the same way at
the same location and then erupted in the same direction as the first one. Detailed observational results suggest
that the eruption of the first MFR might experienced a short pause before its successful eruption, while the
second MFR was a failed eruption. This implies that the two newly formed MFRs might reach a new equi-
librium at relatively higher heights for a while, which can be regarded as a transient double-decker flux rope
system. The observations can well be explained by the tether-cutting model, and we propose that two successive
confined tether-cutting eruptions can naturally produce a double-decker flux rope system, especially when the
background coronal magnetic field has a saddle-like distribution of magnetic decay index profile in height.

Keywords: Solar activity(1475) — Solar flares(1496) — Solar filaments(1495) — Solar magnetic reconnec-
tion(1504) — Solar filament eruptions(1981)

1. INTRODUCTION

Solar filaments, known as the on-disk counterparts of
prominences, are cold and dense plasma clouds suspended
in the hot and tenuous corona. They appear as dark elon-
gated linear structures located on the photospheric magnetic
polarity inversion lines (PIL; Martin 1998; Mackay et al.
2010). The size of the filaments has a wide distribution from
about 103 to 106 km (Liu 2020). While minifilament erup-
tions are capable of forming small-scale solar jets at any-
where in the lower solar atmosphere (e.g., Shen et al. 2012b,
2017; Shen 2021; Sterling et al. 2015; Hong et al. 2016,
2017; Yang et al. 2020, 2023a; Duan et al. 2023), large-scale
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filament eruptions are the primary solar source for gener-
ating large-scale interplanetary magnetic storms that affect
the near-Earth space environment (Chen 2011; Cliver et al.
2022; Shen et al. 2011b, 2012a; Bi et al. 2013, 2015; Wang
et al. 2017b; Yang et al. 2023b). How a filament maintains
its equilibrium and stability in the corona is a key but un-
solved question in filament physics. In general, it is widely
accepted that the heavy filament mass could be supported by
magnetic dips, which provide an upward magnetic tension
force to balance the downward gravity. Magnetic dips can
exist in special magnetic configurations such as sheared mag-
netic arcades and magnetic flux ropes (MFR). Specifically, a
magnetic flux rope often refers to a magnetic structure char-
acterized by coherently twisted magnetic field lines (e.g., Liu
2020) that acts as the magnetic structure of a filament ob-
served in Hα or other wavelength bands and with the latter
located at the bottom of the former (Canou & Amari 2010;
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Tan et al. 2022). In this sense, a filament observed by chro-
mospheric lines such as Hα represents only the bottom part
of an MFR. For convenience, we will use the terms filament
and MFR interchangeably in this paper. In observation, the
twisted magnetic structure containing a filament can be iden-
tified as intriguing bright helical threads during the eruption
(e.g., Kurokawa et al. 1987; Shen et al. 2011a, 2019a), or
during the travel of hot plasma within the MFR (e.g., Shen
et al. 2019b; Tan et al. 2022, 2023). To date, solar physicists
have developed various models to explain the equilibrium
and structure of filaments (see, Gilbert et al. 2001; Karpen
et al. 2001, and references therein). Although these mod-
els can successfully explain some main features of filaments,
they are difficult to interpret many new observational features
based on high spatiotemporal resolution observations. For
example, the simultaneous existence of both horizontal and
vertical mass-carrying thin threads, peculiar bubble struc-
tures and upward moving plumes in prominences (e.g., Lin
et al. 2005; Berger et al. 2011; Shen et al. 2015; Li et al. 2018;
Chen et al. 2021a). Recently, Liu et al. (2012) found that
some filaments may consist of two main branches at differ-
ent heights, but both are along the same PIL, and the authors
called such magnetic structures ‘double-decker’ filaments.
The peculiar magnetic structure of double-decker filaments is
also difficult to understand within the framework of previous
models. Therefore, double-decker filaments have attracted
much attention from solar physicists since their discovery,
and a handful of related theoretical and observational works
have been performed to explore the formation, stability, and
eruption mechanisms (e.g., Kliem et al. 2014; Awasthi et al.
2019; Hou et al. 2018; Tian et al. 2018; Pan et al. 2021; Mi-
tra et al. 2020; Hu et al. 2022; Mitra et al. 2022). While
a double-decker filament is capable of causing two succes-
sive coronal mass ejections (CMEs) from the same magnetic
source region, Joshi et al. (2020) reported that three succes-
sive CMEs launched from the same active region could be
caused by the successive eruption of a “triple-decker” config-
uration consisting of three flux ropes stacked vertically above
the active region PIL. Zhou et al. (2016) observed the re-
peated formation-dissipation process of three filaments at the
same place in Hα images within 4 hours, which might also
hint at the formation of a “triple-decker” filaments. These
new observations show that the magnetic structure of fila-
ments is much more complicated than we thought.

The physical mechanism of filament formation remains an
open question (Chen et al. 2020b; Wang et al. 2019). Pre-
vious studies have suggested that filaments could originate
directly beneath the photosphere or be formed in the solar
atmosphere by reconfiguring the pre-existing magnetic fields
(see, Mackay et al. 2010, and references therein). The first
scenario implies that a pre-existing flux rope below the pho-
tosphere can partially emerge through the photosphere into

the solar atmosphere due to magnetic buoyancy (Rust & Ku-
mar 1994; Fan 2001). However, direct and reliable obser-
vational evidence supporting this mechanism is still lack-
ing, except for some possible candidate observational evi-
dence (e.g., Lites & Low 1997; Lites et al. 2010; Okamoto
et al. 2008, 2009). The latter mechanism is that sheared
magnetic arcades straddling a magnetic PIL are transformed
into an MFR through continuous magnetic reconnections in
the lower solar atmosphere due to the combined effect of
photospheric activities including shearing motions parallel
to the PIL and converging motions perpendicular to the PIL
(van Ballegooijen & Martens 1989; Martens & Zwaan 2001;
Wang & Muglach 2007). This physical mechanism has been
supported by many numerical simulations (e.g., Amari et al.
1999; Mackay & van Ballegooijen 2006; Xia et al. 2014;
Liu & Xia 2022) and multi-wavelength observations (e.g.,
Chae et al. 2001; Yang et al. 2016, 2021; Yan et al. 2015,
2016). In addition, a large, long filament or flux rope can
also be formed directly by reconfiguring two pre-existing
crossed filaments or two sets of opposite J-shaped coronal
loops through magnetic reconnection (e.g., Su et al. 2007;
Green & Kliem 2009; Liu et al. 2010a,b; Aulanier et al. 2010;
Joshi et al. 2014; Tian et al. 2017; Xue et al. 2017; Chen
et al. 2018, 2020a). Based on the two main filament forma-
tion mechanisms, current CME models are also divided into
two categories, namely, those that consider a pre-existing flux
rope emerging from below the photosphere (e.g., Fan & Gib-
son 2004; Török & Kliem 2005), and those that generate a
flux rope during the eruption via magnetic reconnection in
the corona (e.g., Moore et al. 2001; Jiang et al. 2021; Antio-
chos et al. 1999; Karpen et al. 2012).

For the magnetic structure of double-decker filaments, Liu
et al. (2012) proposed two possible force-free magnetic con-
figurations: a double flux rope equilibrium and a single flux
rope above a sheared arcade. Although the two possible mag-
netic configurations were analytically validated to be stable
(Kliem et al. 2014), their formation mechanisms still require
further observational and theoretical investigations. It has
been suggested that a double-decker filament can be formed
by injecting a new filament into a pre-existing one from be-
low (Liu et al. 2012; Zhang et al. 2014; Zhu & Alexander
2014). In observation, the injecting filament or rising fib-
rils/threads often merge with the pre-existing upper filament
within a few hours, and the newly merged filament may be-
come unstable when its axial flux reaches a critical value (Su
et al. 2011; Zhu & Alexander 2014; Zhang et al. 2020). A
double-decker filament can also be formed by separating a
pre-existing single one into two branches (Liu et al. 2012).
Contarino et al. (2003) noted the separation of a filament into
two branches, which may be due to the presence of a posi-
tive flux within a region of negative polarity and, therefore,
triggered the reconnection in the lower atmosphere and the
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separation of the filament. Recently, Tian et al. (2018) re-
ported the formation of a double-decker filament by the split-
ting of a large filament, in which the authors found that in-
termittent bright bursts in the filament channel could lead to
the reconfiguration of the filament’s magnetic structure. Pan
et al. (2021) suggested that the gradual magnetic flux can-
cellation and converging photospheric flows around the po-
larity PIL could be important for filament splitting (Dhakal
et al. 2018; Zheng et al. 2019). In addition, some observa-
tions suggested that the splitting of a filament could be due
to the magnetic reconnection inside the filament body (Dai
et al. 2022; Zhang et al. 2022). Shen et al. (2012a) reported
a clear case of reconnection within a filament-carrying flux
rope system, where the authors found that a strongly twisted
filament experienced a failed eruption while the cavity struc-
ture hosting the filament erupted successfully and caused a
CME. This suggests that the magnetic reconnection occurred
within the flux rope system but above the filament (Gilbert
et al. 2001). In other cases, it was often found that the up-
per filament or hot flux rope channel erupted violently as a
CME, but the lower branch, which usually appears as a fil-
ament in Hα observations, remains in its stable state (e.g.,
Pevtsov 2002; Cheng et al. 2014; Chen et al. 2021b). One
problem with these observations is that the newly formed
double-decker filament appears to be unstable and prone to
erupt. Observations have shown that the upper branch of
double-decker filaments is often observed to erupt as CMEs,
and the single eruption of the lower branch (Zhu et al. 2015),
or the successive eruptions of both branches have also been
occasionally detected (Dhakal et al. 2018).

Using high spatiotemporal resolution and multi-
wavelength observations taken by the New Vacuum Solar
Telescope (NVST; Liu et al. 2014; Xiang et al. 2016) and
the Solar Dynamics Observatory (SDO; Pesnell et al. 2012),
we present the observations of the successive formation and
subsequent eruptions of two MFRs in the same filament
channel, and our observational results might provide some
new clues for understanding the formation mechanism of
double-decker filaments. In this paper, the Hα center images
were taken by the NVST, whose cadence and pixel size are
45 seconds and 0′′.165, respectively. The extreme ultraviolet
(EUV) data and magnetograms were taken by the Atmo-
spheric Imaging Assembly (AIA; Lemen et al. 2012) and the
Helioseismic and Magnetic Imager (HMI; Hoeksema et al.
2014) onboard the SDO. The AIA images have a pixel size
of 0′′.6 and a cadence of 12 seconds, while the cadence of
the HMI magnetograms is 45 seconds.

2. RESULTS

The event occurred in NOAA active region AR12971 on
2022 March 20, and it was accompanied by a GOES C4.6
flare with start, peak, and end times at 07:30 UT, 07:45 UT,

and 07:53 UT, respectively (see Figure 1 (g)). The erup-
tion source region consisted of two regions of opposite mag-
netic polarities separated by an inversed S-shaped PIL. As
shown in Figure 1, the southeastern part of the active region
was of negative magnetic polarity (black patches), while the
northwestern part was of positive magnetic polarity (white
patches, see Figure 1 (a)). There are two small overlap-
ping inverse-S-shaped filaments (F1 and F2) can be observed
in the pre-eruption Hα image along the PIL (see Figure 1
(c) and the red and blue dashed lines in Figure 1 (a)). Be-
fore the eruption, the two opposite magnetic polarities in the
HMI magnetogram showed obvious convergence motion per-
pendicular to the PIL and relatively weak shearing motion
parallel to the PIL. Using the Differential Affine Velocity
Estimator for Vector Magnetograms technique (DAVE4VM;
Schuck 2008) and the photospheric vector magnetic field data
at 07:00:18 UT and 07:12:18 UT, the photospheric mean ve-
locities of the positive and negative magnetic polarities were
calculated to be 0.25 km s−1 and 0.43 km s−1, respectively.
The calculated velocity field is superimposed on the HMI
line-of-sight magnetogram at 07:12:18 UT as red and blue
arrows in Figure 1 (b), where the direction and length of the
arrows represent the direction and magnitude of the moving
magnetic elements. The strongest photospheric motion oc-
curred around the intersection between F1 and F2. Therefore,
we further investigated the variations of the positive and neg-
ative magnetic fluxes within this region (see the green rectan-
gle in Figure 1 (a)), and the result is plotted in Figure 1 (h).
It can be seen that as the negative magnetic flux increased,
the positive magnetic flux decreased significantly over time.
In addition, by seeing the time sequence HMI line-of-sight
magnetograms, the positive and negative polarities show ob-
vious simultaneous shear and convergence motions and an-
nihilate at the middle section of the PIL. Such a magnetic
flux variation pattern suggests the magnetic flux cancella-
tion between the positive and negative magnetic fluxes due
to the combined effect of shear and convergence motions of
the opposite magnetic polarities. It is noted that during the
period of fast increase of the negative magnetic flux, the rate
of increase slowed down or stopped for about 5 minutes from
about 07:34 UT to 07:39 UT, after which the increase of the
negative magnetic flux within the box region continued at a
regular rate as before (see the inset in Figure 1 (h)). The AIA
171 Å, 193 Å, 131 Å images show the coronal condition of
the eruption source region (see Figure 1 (d)–(f)), which ex-
hibited not only the two small filaments but also a large over-
lying coronal loop connecting polarities N and P1.

The eruption details of the event are presented in Figure 2
and Figure 3, using the NVST Hα center, AIA 131 Å and
193 Å time sequence images (an animation is available in the
online journal). In the present event, it is interesting that we
observed the successive formation and subsequent eruption
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Figure 1. An overview of the pre-eruption event. Panels (a) and (c) are the HMI line-of-sight magnetogram and the NVST Hα images,
respectively. The locations of the two filaments determined from the Hα image are superimposed on the HMI line-of-sight magnetogram as
blue and red curves, respectively. Panel (b) is an HMI line-of-sight magnetogram overlaid with the calculated photospheric velocity field as red
and blue arrows, where the direction and length of the red and blue arrows indicate the moving direction and velocity magnitude of the positive
and negative magnetic elements, respectively. Panels (d) – (f) are AIA 171 Å 193 Å and 131 Å images, respectively. The yellow dotted curve
outlines the overlying large loop system, while the white dashed rectangle shows the field-of-view of panels (a) – (c). The red and blue curves
superimposed in panel (e) are the contours of the HMI line-of-sight magnetogram. In each panel, the letters ‘P’ and ‘N’ denote the central
positive and negative magnetic polarities, ‘P1’ denotes the positive magnetic polarity at the north footprint of the large loop system, and ‘F1’
and ‘F2’ denote the two small filaments, respectively. Panel (g) shows the GOES soft X-ray flux of the 1 – 8 Å channel. Panel (h) shows the
magnetic flux within the green rectangle in panel (a), where the red and blue curves are the plots of the positive and the absolute values of the
negative magnetic fluxes, respectively. The inset in panel (h) is a close-up view of the negative magnetic flux curve from 07:30 UT to 07:43
UT.

of two MFRs due to the magnetic reconnection between F1
and F2 at their crossing location. The formation and eruption
of the first MFR is displayed in Figure 2. In the Hα images
(the top row of Figure 2), an obvious bright patch appeared at
the intersection between F1 and F2 at about 07:20:02 UT be-
fore the appearance of the MFR (see the red arrow in Figure 2
(a)). After that, F1 and F2 were activated and became thicker
and darker. At about 07:34 UT, a dark and long filament (we
will call it MFR1 hereafter) connecting R3 and R4 appeared

and started to rise, and this process can be observed in the
Hα images at 07:36:17 UT and 07:37:46 UT (see the green
arrows in Figure 2 (b) and (c) and the online animation). In
the meantime, four bright flare ribbons appeared simultane-
ously with the appearance of MFR1 (see the symbols for R1,
R2, R3, and R4 in Figure 2 (b) and (c)), two of which (R1 and
R2) appeared at both sides of the PIL and the other two (R3
and R4) appeared at the far ends of F1 and F2, respectively.
In the AIA 131 Å images (the middle row of Figure 2), one
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Figure 2. Formation and eruption of MFR1. The top, middle, and bottom rows are the NVST Hα, the AIA 131 Å and 193 Å time series
images, respectively. The red arrows point to the brightening around the crossed location between F1 and F2. The green arrows in panels (b),
(c), (f), and (i) indicate the rising MFR1. F1 and F2 are denoted by the symbols ‘F1’ and ‘F2’, while the four flare ribbons are denoted by ‘R1’
– ‘R4’, respectively. ‘PFL1’ denotes the flare loop system that strides the PIL during the eruption of MFR1.

can also see the appearance of the brightening at the inter-
section between F1 and F2 (see the red arrow in Figure 2 (d)
and (e)), the four flare ribbons, and the rising MFR1 (see the
green arrow in Figure 2 (f)). New signals in the AIA 131 Å
are that the newly formed MFR1 was bright rather than dark
as it appeared in the Hα images (see the green arrow in Fig-
ure 2 (f)), and a bright flare loop system (hereafter, we call
it PFL1) connecting R1 and R2 can be identified clearly (see
the blue arrow in Figure 2 (f)). In AIA 193 Å images (bot-
tom row of Figure 2), the brightening patch at the intersec-
tion between F1 and F2, the four flare ribbons, and the rising
MFR1 can also be observed. However, one can not identify
the flare loop connecting R1 and R2 as shown in AIA 131
Å image at 07:37:54 UT. These observational characteristics
suggest that the eruption process can be well explained by
the so-called tether-cutting model (Moore et al. 2001; Jiang
et al. 2021) which has been confirmed by many observational
studies (Liu et al. 2013; Chen et al. 2014, 2016, 2018; Liu &
Su 2021). Here, MFR1 appeared as dark in Hα but bright
in AIA 131 Å images, which might suggest that the newly
formed MFR1 was composed of both cool and hot plasmas.

Another possibility is that the hot flux rope was the heated
rising cool filament since the latter was slightly lower than
the former at the same time (compare panels (c) and (f) in
Figure 2).

The formation and eruption details of the second MFR
(hereafter called MFR2) are shown in Figure 3, which began
at about 07:39 UT, 5 minutes after the start time of MFR1.
In the Hα images (the top row of Figure 3), four bright flare
ribbons can also be observed at the same locations as those
observed during the formation and eruption of MFR1, but
they became more pronounced. Note that an additional bright
flare ribbon (R5) appeared to the west of R4 (see the red ar-
row in Figure 3 (c)). MFR2 appeared in the AIA 131 Å im-
age at about 07:39 UT (see the green arrow in Figure 3 (d)
and (g)). At this time, MFR1 can also be identified in the
AIA 131 and 193 Å images (see the red arrows in panels (d)
and (g) in Figure 3). Such a picture reminds us of the dou-
ble flux rope equilibrium configuration of the double-decker
filament model proposed by Liu et al. (2012). About 3 min-
utes later, MFR2 had risen by about 50 Mm (see the green
arrow in Figure 3 (e) and (h)), and the flare loop (hereafter
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Figure 3. Formation and eruption of MFR2. The top, middle, and bottom rows are the NVST Hα, the AIA 131 Å and 193 Å time series
images, respectively. The red arrows in panels (d) and (g) point to the erupting MFR1, while the green arrows in panels (d), (e), (g), and (h)
point to the erupting MFR2. The red arrows in panels (c), (f), and (i) indicate the flare ribbon R5. PFL2 indicates the flare loop associated with
the eruption of MFR2, and PFL3 indicates the other group of flare loops. As in Figure 2, the four flare ribbons are also denoted by the symbols
‘R1’ – ‘R4’, respectively. This figure is accompanied by an animation showing the time evolution of the event in the NVST Hα (upper left),
the HMI (lower left), the AIA 131 Å (upper right) and the AIA 193 Å (lower right) wavelength bands from 07:10:16 UT to 08:30:54 UT. The
duration of the animation is 17 s, the field of views of the NVST Hα, AIA 131 Å and 193 Å images are the same as in this figure, and the field
of view of the HMI magnetogram is the same as with the NVST Hα in this figure. Annotations in the figure are not plotted in the animation.

called PFL2) had grown much larger relative to PFL1. It is
noteworthy that when the erupting MFR2 started to fall back,
another bright flare loop (hereafter called PFL3) appeared on
the north side of PFL2. PFL3 appeared gradually, and its up-
per part reached the maximum brightness at about 08:10:54
UT, as shown in Figure 3 (f). It should be a hot loop because
it can not be observed at cooler wavelengths such as AIA 193
Å images (see Figure 3 (i) and the online animation). In the
meantime, the western footpoint of PFL3 was also bright-
ened, and it appeared as an elongated flare ribbon whose lo-
cation is the same as the flare ribbon R5 observed in the Hα
image (see the red arrows in Figure 3 (c), (f) and (i)). The
eastern footpoint of PFL3 can not be recognized due to the

contamination from PFL2. However, based on information
on magnetic connectivity and arch characteristics of a coro-
nal loop, we can speculate that the eastern footpoint of PFL3
should be close to the eastern footpoint of PFL2 because the
magnetic flux at the east footpoint of PFL3 was negative. The
appearance of PFL3 suggests that there was another magnetic
reconnection occurring in the higher corona in addition to the
magnetic reconnection that gave rise to PFL2.

To investigate the detailed kinematics of the erupting
MFRs, we made a time-distance diagram along the erup-
tion direction by using the AIA 131 Å images (see Figure 4
(a)). The time-distance diagram clearly shows the succes-
sive eruptions of the two MFRs as two bright oblique stripes,
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Figure 4. Panel (a) is a time-distance diagram made along the eruption direction of the MFRs using the AIA 131 Å time-sequence images,
where the red and blue dashed lines are linear fit to the erupting flux ropes, and the green dashed line is the linear fit to the falling MFR. Panel
(b) shows the lightcurves of R1+R2 (black), R3 (pink), and R4 (green), while panel (c) shows the lightcurves of the upper part (blue) and
western footpoint (orange) of PFL3, respectively. The red curve in panel (c) is the GOES soft X-ray flux in the energy channel of 1 – 8 Å. Four
vertical dotted lines indicate some key times during the event.
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and it can be seen that MFR1 and MFR2 started their fast-
rising phase at about 07:34 UT and 07:39 UT, respectively.
The rise of MFR2 reached a projection height of about 170
Mm and then began to fall back, but it is unclear whether
the eruption of MFR1 was failed or successful because it be-
came invisible at a higher altitude. By applying a linear fit
to the bright stripes, it is obtained that the rising speeds of
MFR1 and MFR2 are about 280 and 254 km s−1, respec-
tively. In addition, the falling speed is about 68 km s−1. The
intensity variations of the flare ribbons R1 – R4 are shown in
Figure 4 (b), using intensity lightcurves measured from AIA
131 Å images. In addition, the GOES soft X-ray flux in the
1 – 8 Å energy channel, the intensity variations of the upper
part and the western footpoint (R5) of PFL3 are all plotted
in Figure 4 (c). It can be seen that the intensity of the flare
ribbons R1 – R4 started to increase at about 07:18 UT (12
minutes before the start of the GOES C4.6 flare). This time
corresponds to the appearance of the small bright point near
the intersection between F1 and F2 and the start time of the
cancellation between the positive and negative photospheric
magnetic fluxes (see Figure 1 (h)). These results suggest that
the formation of MFR1 might have started from the appear-
ance of the small bright point and the cancellation of the op-
posite magnetic fluxes. The fast rise of MFR1 began at about
07:34 UT, delaying the onset of the GOES C4.6 flare by about
4 minutes. The fast rise of MFR2 began at about 07:39 UT,
5 minutes after the fast rise of MFR1. It is noted that the to-
tal intensity lightcurve of R1 and R2 peaked at about 07:45
UT, consistent with the peak time of the GOES C4.6 flare.
The lightcurves of R3 and R4 also showed a similar variation
trend as those of R1+R2 during the rising phase of the flare.
However, the intensities of the upper part and the western
footpoint (R5) of PFL3 showed a different variation pattern
concerning the flare. They started to increase and reached
their peaks at about 07:50 UT and 08:10 UT, respectively.
Here, it should be pointed out that the intensity variations of
the lightcurves of PFL3 and R5 before 07:50 UT were due to
the contamination from the main flare emission, since before
that, PFL3 and R5 had not started to form. These results are
consistent with the imaging observations mentioned above.
Therefore, the late appearance of PFL3 and R5 might imply
another magnetic reconnection at a relatively higher altitude
than the one producing the main flare. We further checked the
LASCO CME Catalog and found a weak CME that erupted
into the northeast quadrant of the outer corona and solar wind
1, which may be due to the tether-cutting reconnection below
MFR1 and therefore caused the appearance of PFL3 in the
low corona.

1 https://cdaw.gsfc.nasa.gov/movie/make javamovie.php?stime=
20220320 0857&etime=20220320 2211&img1=lasc2rdf&title=
20220320.104805.p038g;V=113km/s

To better understand the formation and eruption of
the newly formed MFRs, we further analyzed the three-
dimensional coronal magnetic field over the eruption source
region. The coronal magnetic field is extrapolated using
the nonlinear force-free magnetic field (NLFFF) optimiza-
tion method, which assumes a static configuration without
Lorentz force, i.e., the current density is parallel to the mag-
netic field everywhere (Wheatland et al. 2000). In this pa-
per, the calculation was performed in a Cartesian volume of
832 × 792 × 792 pixels, corresponding to a physical vol-
ume of about 361 × 343 × 343 Mm3. We extrapolated the
coronal magnetic field at 07:12:00 UT before the eruption
by using the photospheric vector magnetic field as the bot-
tom boundary. Since the input photospheric vector magnetic
map used as the bottom boundary condition is not force-free,
we first preprocessed it to best fit the force-free condition
according to the method given in Wiegelmann et al. (2006).
To quantify the quality of the preprocessed vector magne-
togram, we further calculated the three dimensionless param-
eters introduced in Wiegelmann et al. (2006). The calculation
results show that the values of the flux balance, force bal-
ance, and torque balance dimensionless parameters are about
−5.6 × 10−2, 2.9 × 10−3, and 7.1 × 10−2, respectively. These
results are all far less than 1, so they satisfy the force-free as-
sumption of the NLFFF extrapolation method (Wiegelmann
et al. 2006). For an ideal force-free magnetic field, the values
of these parameters should be 0. In practice, however, non-
zero finite values of these parameters are acceptable due to
the influences resulting from the numerical calculation and
the real input magnetogram data. In general, a good NLFFF
extrapolation requires that the values of the volume-averaged
fractional flux and the current-weighted angle between the
modeled magnetic field and electric current density are far
less than 20 × 10−4 and 10◦, respectively (e.g., DeRosa et al.
2015; Thalmann et al. 2019). Based on the extrapolated
three-dimensional magnetic field, we calculated the volume-
averaged fractional flux (Wheatland et al. 2000; DeRosa et al.
2015) and the current-weighted angle between the modeled
magnetic field and electric current density (Schrijver et al.
2006) to quantify the quality of the extrapolated magnetic
field (e.g., DeRosa et al. 2015; Thalmann et al. 2019; Mitra
et al. 2020; Joshi et al. 2021b). It is found that the values for
the volume-averaged fractional flux and the current-weighted
angle between the modeled magnetic field and electric cur-
rent density are of about 3.3 × 10−4 and 9.7◦, respectively.
These results indicate that the extrapolated magnetic field
meets the criteria of a good NLFFF extrapolation.

The analysis results based on the extrapolated magnetic
field are shown in Figure 5, where panels (a) and (b) show
the top and side views of the magnetic connection in the
eruption source region, respectively. It can be seen that the
extrapolated three-dimensional coronal magnetic field well

https://cdaw.gsfc.nasa.gov/movie/make_javamovie.php?stime=20220320_0857&etime=20220320_2211&img1=lasc2rdf&title=20220320.104805.p038g;V=113km/s
https://cdaw.gsfc.nasa.gov/movie/make_javamovie.php?stime=20220320_0857&etime=20220320_2211&img1=lasc2rdf&title=20220320.104805.p038g;V=113km/s
https://cdaw.gsfc.nasa.gov/movie/make_javamovie.php?stime=20220320_0857&etime=20220320_2211&img1=lasc2rdf&title=20220320.104805.p038g;V=113km/s
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Figure 5. Magnetic properties of the eruption source region. Panels (a) and (b) are top and side views of some extrapolated magnetic field lines.
In each panel, the green and yellow curves are high-lying (HL) and low-lying (LL) loops, while the extrapolated F1 and F2 are shown in blue
and red colors, respectively. Panels (c) and (d) show the calculated magnetic twist number maps at 07:12:00 UT and 07:24:00 UT, respectively.
Panel (e) shows the magnetic decay index map in the vertical plane along the PIL, in which the black curves are the contours at a decay index
of 1.5 and 2.0, and the magnitude of the decay index values at each point are with different colors. Panel (f) shows the decay index along the
black horizontal dashed line in panel (e), while panel (g) shows the decay index profiles in height at five different locations, as indicated by the
white vertical dashed lines in panel (e).

reveals some key magnetic structures, including F1 (blue),
F2 (red), and their corresponding confining magnetic field
lines (yellow and green curves). These extrapolated coronal
magnetic structures are in good agreement with the observa-
tional results revealed by the Hα and the AIA EUV images.
We measured the heights of the filaments and the confining
loops based on the extrapolated magnetic field. The results
show that the heights of F1 and F2 are both about 4.5 Mm
from the photosphere, while the heights of the low-lying and
high-lying loops, as shown in Figure 5 (b), are about 13.5
and 50 Mm from the photosphere, respectively. It should be

noted that only a few representative field lines are shown in
the figure.

We also calculate the magnetic twist number maps at a
chromospheric height of about 1.5 Mm from the photo-
sphere based on the extrapolated three-dimensional coronal
magnetic fields at 07:12:00 UT (before the flare start) and
07:24:00 UT (after the flare start). The calculation is based
on the code developed by Liu et al. (2016), where the au-
thors used the equation Tw =

∫
L
∇ × B · B

4πB2 dl = 1
4π

∫
L α dl, if

∇ × B = αB (Berger & Prior 2006). Here, α is the force-
free parameter, and ∇ × B · B/4πB2 can be regarded as the
local twist density along the magnetic field line. The cal-
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culated results are shown in Figure 5 (c) and (d), where the
extrapolated F1 and F2 are also plotted as blue and red colors,
respectively. The average twist number along F1 and F2 are
calculated using the method proposed in Liu et al. (2016).
The calculation results show that the average twist number
of F1 (F2) at 07:12 UT and 07:24 UT are about -1.26 (1.73)
and -1.68 (1.83) for F1 (F2), respectively. These results in-
dicate that the photospheric shear and convergence motions
of the opposite magnetic polarities provided additional mag-
netic twists to the filaments, and the magnetic twist numbers
of the filaments at 07:24:00 UT are smaller than the mini-
mum average twist number for the kink instability (2 turns,
Duan et al. 2019). These results may suggest that the initi-
ation of F1 and F2 was probably mainly due to the photo-
spheric motions around their inner footpoints, and the mag-
netic reconnection between the two filaments can naturally
transfer magnetic twists into the newly formed MFRs.

To figure out the influence of the background magnetic
field on the MFR eruptions, we checked the decay index of
the coronal magnetic field above the PIL. In general, the de-
cay index characterizes the rate of decrease of the transverse
component of the potential field with height, and its math-
ematical expression can be written as n = −d ln Bt/d ln h
(Kliem & Török 2006). Here, h and Bt are the height above
the photosphere and the transverse component of the po-
tential field, respectively. In principle, a higher decay in-
dex value of the overlying coronal magnetic field implies a
greater possibility of an MFR suffering from torus instabil-
ity. Therefore, a higher decay index implies a greater pos-
sibility of an MFR to erupt successfully as a CME. Kliem
& Török (2006) theoretically pointed out that an MFR be-
comes torus unstable when the decay index of the external
poloidal field is in the range of 1.5 – 2.0. However, in prac-
tice, a few observations also found that the eruption of some
torus-unstable MFRs also failed to cause CMEs, especially
when the erupting MFRs show strong rotation motions with
large rotation angles ranging from 50◦ to 130◦ (Zhou et al.
2019). To calculate the decay index in a real observation, the
transverse component of the extrapolated potential field is of-
ten used to approximate the external poloidal field at the axis
of the MFR (e.g., Török & Kliem 2007; Shen et al. 2011b;
Kliem et al. 2013). In the present study, following the analy-
sis method used in Joshi et al. (2021a) and Mitra et al. (2022),
we calculate the decay indexes in the vertical plane along the
PIL of the active region AR12971, and the results are plot-
ted in Figure 5 (e)–(g). In the decay index map (Figure 5
(e)), the black curves are contours at the values of 1.5 and
2.0, and different colors indicate different decay index val-
ues. It can be seen that the distribution of the decay index of
the magnetic field above the PIL could be divided into four
distinct regions of different decay index values, as indicated
by the contour lines at the value of 2.0. For the low decay in-

dex region in the height range of about 100 – 250 Mm from
the photosphere, it can be seen that the decay index becomes
progressively lower from the northeast to the southwest. We
further plot the decay index profile along the horizontal black
dashed line (see Figure 5 (e)) in Figure 5 (f), which shows the
decreasing trend of the decay index more clearly. This partic-
ular decay index distribution above the PIL may explain the
oblique eruption of the MFRs towards the northeast direction
since a higher decay index implies a greater possibility for an
eruption flux rope to suffer from torus instability.

To analyze the details of the decay index distribution in the
vertical direction, we further examine the decay index pro-
files at five specific locations along the PIL as indicated by
the white vertical dashed lines in Figure 5 (e). One can see
in Figure 5 (g) that the distribution of the decay index pro-
files shows a so-called saddle-like profile where a low decay
index region is sandwiched between two high decay index
regions (e.g., Wang et al. 2017a; Mitra et al. 2022). For the
present study, we note that from the bottom up, the increas-
ing trend of the decay index changes to a decreasing trend at
a height of about 80 Mm from the photosphere (see the de-
cay index profile at the distance of 27 Mm from the northeast
end of the PIL in Figure 5 (g)). This decreasing trend stops
at a height of about 170 Mm from the photosphere, and then
the decay index starts to increase monotonically with height.
Since the heights of the filaments and their confining loops
are all below the height of 50 Mm, the existence of the low
decay index region in the height range of 100 – 250 might be
important for the failed eruption of the MFRs, since a lower
decay index implies a reduced possibility for a flux rope to
erupt successfully. As can be seen in the time-distance di-
agram (see Figure 4 (a)), the erupting MFR2 started to fall
back at a projection height of about 170 Mm. Since the MFRs
erupted obliquely towards the northeast direction, we can as-
sume that the eruption angle of inclination was about 45◦

concerning the vertical direction. Therefore, the measured
projection distance of the erupting MFRs equal to its vertical
height from the photosphere; they are both 170 Mm. This
result supports the idea that the erupting MFRs experienced
a strong constraint at the height of around 170 Mm from the
photosphere because this height corresponds to the bottom
of the saddle of the decay index profile. In previous stud-
ies, some authors found that the existence of a saddle-like
decay index profile of the coronal magnetic field above the
eruption source region creates a favorable condition for the
generation of a failed flux rope eruption since this means that
the toroidal strapping force increases in height after an ini-
tial decrease (Wang et al. 2017a; Filippov 2020b; Mitra et al.
2022). However, as a flux rope eruption is often affected by a
variety of physical factors, a saddle-like decay index profile
magnetic system could also produce successful eruptions in
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practice (e.g., Wang et al. 2017a; Inoue et al. 2018; Filippov
2020a).

3. INTERPRETATION AND DISCUSSION

Based on the observational results, it is clear that the
present event can be explained within the framework of the
so-called tether-cutting model that was first proposed by
Moore & Labonte (1980) and then confirmed by more de-
tailed observations (Moore et al. 2001) and sophisticated nu-
merical simulations (e.g., Jiang et al. 2021). The tether-
cutting model describes both confined (failed) and ejective
(successful) solar eruptions originating in simple bipolar re-
gions where the core field is highly sheared and twisted. In
general, for a simple bipolar magnetic region, the positive
and negative polarities are often connected by a potential
field to maintain the lowest energy state. However, due to
the photospheric activities such as the shear motion parallel
to the PIL and the convergence motion perpendicular to the
PIL, the bipolar magnetic system becomes more and more
non-potential so that it is prone to erupt for releasing mag-
netic free energy. In observation, the core field of the bipole
shows as a sigmoidal structure (composed of two opposite
J-like bundles of loops and shaped like a forward S or in-
versed S; Rust & Kumar 1996; McKenzie & Canfield 2008)
often seen in soft X-ray and sometimes in EUV images (e.g.,
Moore et al. 2001; Liu et al. 2010a). In chromospheric obser-
vations such as the Hα line, the shear core often appears as
two overlapping inverse-S-shaped filaments along the photo-
spheric PIL and approximately aligned to the central portion
of the sigmoid observed in soft X-ray and EUV emission
(Pevtsov 2002). Many observations have shown that sig-
moidal regions are more prone to erupt than non-sigmoidal
regions without significant dependence on size scales (e.g.,
Canfield et al. 2007; Glover et al. 2000; Raouafi et al. 2010;
Zheng et al. 2013).

According to the tether-cutting model, the arms of the two
opposite J-shaped loops shear past each other along the mid-
dle portion of the PIL. They are poised to reconnect and
therefore lead to the instability and even eruption of the sig-
moidal system when and if they come into contact and push
against each other. The reconnection between the sheared op-
posite J-shaped loops produces simultaneously downward-
and upward-moving hot reconnected magnetic field lines.
Meanwhile, the particle beams accelerated in the magnetic
reconnection move downward along the newly formed re-
connected magnetic field lines from the middle portion and
collide with the dense plasma at the footpoints of the loops
to form four bright emission patches. It should be pointed
out that the two inner conjugated bright patches connected
by the short, downward-moving reconnected loops often ap-
pear as a compact bright patch in low spatial resolution ob-
servations because they are too close together to be distin-

guished. The long upward-moving reconnected loops often
show as a twisted MFR that connects the far ends of the two
elbows of the two opposite J-shaped structures. As the newly
formed MFR rises continuously, magnetic field lines rooted
farther away from the shearing core (acting as the confining
field of the rising MFR) are stretched outward. This will lead
to the formation of a vertical current sheet below the rising
MFR, and magnetic reconnection within it eventually causes
the system to erupt, leaving behind two elongated flare rib-
bons connected by a bright PFL system striding the PIL, as
depicted in standard flare models (e.g., Lin & Forbes 2000;
Aulanier et al. 2012). In addition, the eruption of the newly
formed MFR can also be arrested and confined within the
closed bipolar system, i.e., failed to open the closed bipolar
field, although it starts the same way as the successful erup-
tion of a sigmoidal structure.

Based on our analysis results, we interpret the present
event using the tether-cutting model and emphasize that a
double-decker flux rope system can be formed through two
successive confined tether-cutting eruptions in the same bipo-
lar active region. To explain the detailed evolution process of
the eruption, we draw a cartoon in Figure 6, in which only
some representative magnetic field lines are shown. Fig-
ure 6 (a) shows the pre-eruption magnetic configuration of
the eruption source region, in which the black dashed curve
represents the PIL in-between the two opposite magnetic po-
larities, while the fuchsia and indigo curves composed of
the two overlapping inverse-S-shaped filaments (or loops in
EUV and X-ray observations) confined by the overlying yel-
low and green potential loops that stride the PIL. Due to the
combined effect of the photospheric shearing motion paral-
lel to the PIL and the convergence motion perpendicular to
the PIL around the middle portion of the PIL, the arm part
of some magnetic field lines composing the two overlap-
ping inverse-S-shaped filaments come into contact and push
against each other. Therefore, an X-type current sheet forms
between the arms of the two overlapping inverse-S-shaped
filaments, and magnetic reconnection in this current sheet
will lead to two groups of newly formed reconnected loops,
i.e., the downward-moving short flare loops striding the PIL
(see the red loop in Figure 6 (b)) and the upward-moving long
MFR connecting the far ends of the two overlapping inverse-
S-shaped filaments along the PIL (see the long fuchsia loop
in Figure 6 (b)). In addition, the reconnection also pro-
duces four flare ribbons at the footpoints of the downward-
moving flare loops and the upward-moving MFR (see the
gray patches in Figure 6 (b)), as the particle beams accel-
erated by the magnetic reconnection stream downward along
the reconnected field lines and collide with the dense plasma
at the footpoints of the loops. During this phase, the magnetic
twists stored in the two overlapping inverse-S-shaped fila-
ments are transferred to the newly formed MFR. As the long
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Figure 6. A cartoon model illustrates the formation mechanism of the double-decker filament system (a double flux rope type). The figure
shows only a few representative field lines. In each panel, the dashed black curve is the PIL in between the opposite magnetic polarities, and
the yellow and green curves are the low-lying and high-lying confining loops of the filaments (represented by the two sets of J-shaped curves),
respectively. The twisted fuchsia and indigo curves in panels c – f represent the newly formed MFR1 and MFR2, respectively. The red stars
indicate the magnetic reconnection positions, the red curves represent the newly formed PFLs, and the gray features mark the flare ribbon
locations.

reconnected loops continuously rise and form, they together
form a twisted MFR that stretches the low-lying confining
magnetic field lines in the vertical direction and leads to the
formation of a vertical current sheet between the two legs of
the confining loops (see the fuchsia twisted loops in Figure 6
(c)). The magnetic reconnection in this newly current sheet
removes some of the confining fields of the rising MFR, lead-
ing to its further rise. However, the rise of the MFR is not
sustainable due to the existence of the low magnetic decay
index region above the PIL. It will be slowed down or even
stopped at a certain height around the low decay index region
as shown in Figure 5(e), and eventually reaches a new equi-
librium at a relatively higher height in the low corona. In ad-
dition, the magnetic reconnection also leads to the formation
of a group of flare loops striding the PIL and two conjugated
flare ribbons on either side of the PIL (see the red loops and
the two gray rectangles in Figure 6 (c)).

A few minutes later, probably due to the resumption of
the rapid increase of the negative magnetic flux around the
middle portion of the PIL as evidenced in Figure 1(h), the
magnetic system might gather enough energy and appropri-
ate magnetic condition to erupt again. Therefore, the system
starts the formation and eruption of MFR2 with the same evo-
lution process as MFR1 (see Figure 6 (d) and (e)). Around
the moment after the formation of MFR2 (see Figure 6(c)),
both MFR1 and MFR2 are confined within the bipolar mag-
netic system but separated from each other in height (also
see Figure 3(d) and (g)), resembling the physical picture
of a double-decker filament system as defined by Liu et al.

(2012). This suggests that two MFRs formed successively
from the same PIL through confined tether-cutting eruptions
can form a double-decker filament system (double flux rope
type). Note that in the present event, there is a 5-minute pause
between the start times of the fast rise of the two MFRs from
07:34 UT to 07:39 UT. This time interval is consistent with
the shortstop or slowdown period of the fast increase of the
negative magnetic flux around the middle portion of the PIL
(see Figure 1 (h)). In particular, the onset time of MFR2 was
the same as the restart time of the fast increase of the negative
magnetic flux, which probably demonstrates that the forma-
tion of the observed MFRs was closely related to the photo-
spheric activities that drive the fast increase of the negative
magnetic flux and the flux cancellation around the middle
portion of the PIL.

In comparison with our observations, we observed all the
expected characteristic signals predicted by the tether-cutting
model, including a small brightening at the intersection of
the arms of the two overlapping inverse-S-shaped filaments
or loops before the main flare, flare ribbons at the footpoints
of the PFL, and the newly formed MFR. It should be noted
that during the magnetic reconnection within the X-type cur-
rent sheet between the arms of the two overlapping inverse-S-
shaped filaments, the conjugated two flare ribbons connected
by the flare loop are difficult to distinguish. They are often
observed together as a small compact bright point in Hα and
EUV images because they are too small and so close to each
other (see the red arrows in Figure 2 (a) and (d)). In addition,
the magnetic reconnection at the intersection of the two over-
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lapping inverse-S-shaped filaments can last for a relatively
long time before the onset of the main flare, and the resulting
brightening can be considered to be an important precursor
for solar eruptions. For example, in the present event, the
small brightening started about 36 minutes before the main
flare. During this phase, the predicted upward-moving MFR
should also start to form, which is not observable except for
some disturbance or activation signals in the filaments. The
flare loop and the two associated flare ribbons during the
magnetic reconnection in the vertical current sheet are more
pronounced and can be observed. For example, PFL1 and
PFL2 shown in Figure 2 (f) and Figure 3 (f) are associated
with the magnetic reconnection in the vertical current sheets
below MFR1 and MFR2, respectively. As shown in Figure 3
(f) and Figure 4 (c), there was a group of additional higher
flare loops (PFL3) and a flare ribbon (R5) on the western
edge of the bipole. We interpret these features as the produc-
tion of the magnetic reconnection between the two legs of
the higher confining loops. After MFR1 escaped the confine-
ment of the lower confining magnetic field, it continued to
rise but was also confined by the higher confining loops (see
the green loops in Figure 6 (c) to (f)). When MFR1 reaches
a certain height, these higher loops can also collapse in the
middle to form a vertical current sheet, thus triggering an
additional magnetic reconnection between MFR1 and MFR2
(see the red asterisks in Figure 6 (f)). This also implies that
MFR1 might be a successful eruption that became the core
of the observed weak CME in the northeast quadrant of the
outer corona. However, if this is the truth, MFR1 should also
experience a short pause before its successful eruption, due
to the existence of the saddle-like distribution of the mag-
netic decay index in the vertical direction. That is to say,
at least for a period, the pair of newly formed MFRs can
be regarded as a double-decker flux system. The observed
PFL3 should correspond to the red curves located between
the green and yellow curves, while the observed flare ribbon
(R5) should correspond to the outermost ribbon as shown by
the gray rectangle feature in Figure 6 (f). In practice, this
reconnection should produce two conjugated flare ribbons at
both footpoints of PFL3. However, we only observed the
western one in observations. The other one should be merged
with the eastern flare ribbon associated with PFL2, as shown
by the thick gray rectangle feature in Figure 6 (f).

What kind of physical factors determine the outcome of a
solar eruption has attracted much attention from solar physi-
cists. In principle, the failure or success of a solar eruption
depends on the outcome of the competition between upward
and downward forces. If the upward force, such as magnetic
pressure, is smaller than the downward forces, such as grav-
ity and magnetic tension, the eruption is often a failed erup-
tion. In recent years, many possible physical factors have
been proposed to explain failed filament eruptions (e.g., Ji

et al. 2003; Shen et al. 2011b; Chen et al. 2013; Liu et al.
2018; Zhang et al. 2021; Joshi et al. 2022; Li et al. 2022; Has-
sanin et al. 2022; Shen et al. 2022), especially those that take
into account the physical properties of the overlying mag-
netic field, for example, a low magnetic field strength at low
altitudes (e.g., Liu 2008; Liu et al. 2009; Amari et al. 2018;
Shen et al. 2022), a small gradient of the overlying magnetic
field strength with respect to the height (e.g., Kliem & Török
2006; Zuccarello et al. 2015; Shen et al. 2012a). Some au-
thors emphasize physical factors below the confining field,
such as the influence due to insufficient kinetic energy (Török
& Kliem 2005; Shen et al. 2011b; Liu et al. 2018) and the
rotation angle of the erupting filaments (e.g., Baumgartner
et al. 2018; Zhou et al. 2019). These possible physical fac-
tors may act separately or in combination to cause a failed fil-
ament eruption, and filament eruptions within different mag-
netic configurations may be dominated by different influenc-
ing factors. For example, for a failed filament eruption in
a tether-cutting topology, a weak magnetic shear core rela-
tive to the overlying magnetic field and a higher reconnection
height between the two opposite J-shaped loops could be im-
portant for a failed filament eruption in a tether-cutting topol-
ogy (Moore et al. 2001). In addition, eruptions in a magnetic
breakout topology (e.g., Antiochos et al. 1999; Shen et al.
2012a) can also fail if the external magnetic reconnection oc-
curs between the two groups of lateral closed loops because
the two lateral low-lying closed loops continuously transform
into the envelope confining loops and thus provide additional
magnetic confinement to the erupting core field (Shen et al.
2022).

For the present event, the failed eruption of the newly
formed MFR2 and the possible short pausing of MFR1 could
be caused by several different physical factors. In principle,
as mentioned above, the magnetic reconnection between the
two legs of the confining field lines of the rising MFR will
remove some of the confining field lines, thus reducing the
magnetic confinement of the MFR. In a normal coronal mag-
netic field with a decay index increasing monotonically with
height, this will cause positive feedback to the rising MFR
and eventually lead to a successful eruption. However, in a
coronal magnetic field whose decay index has a saddle-like
profile in height, as in the present event, the rising MFR is
more strongly confined by the overlying coronal magnetic
field around the height of the saddle base (Luo & Liu 2022).
Naturally, the erupting MFR could be slowed down and/or
stopped there, eventually reaching a new equilibrium in the
high corona. Therefore, the saddle-like distribution of the
magnetic decay index in height could be an important phys-
ical factor for the failed eruption of the MFR2, as well as
the pausing of MFR1 before its successful eruption. In the
practical observations, although the final equilibrium state of
the double-decker flux ropes system in the present case is not
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detected to keep stable for a long time in the Hα and EUV ob-
servations, some previous studies do show the fact that erupt-
ing filaments or flux ropes can indeed maintain a new equi-
librium around the height of the saddle base for a long time
(e.g., Gosain et al. 2016; Chandra et al. 2017; Filippov 2018).
This suggests that the formation of a double-decker filament
system through two successive confined tether-cutting erup-
tions from the same PIL is possible if the background coronal
magnetic field has a saddle-like distribution of the magnetic
decay index in height.

As suggested by Kliem & Török (2006), an MFR becomes
torus unstable when the decay index of the external poloidal
field is in the range of 1.5 – 2.0. In our case, the decay in-
dex within the saddle region is generally less than 2.0 but
greater than 1.5, except for the small low decay index re-
gion above the southwest part of the PIL (see Figure 5 (e)
and (f)). This raises the question of why a torus unstable
decay index region prevents the successful eruption of the
MFRs in the present case. We argue that the combination
of multiple physical factors probably caused the pause and
failed eruptions of the newly formed MFRs. Besides the con-
straint influence of the low decay index region above the PIL,
there are at least two other physical factors that might con-
tribute to the pause and failed eruptions of the MFRs. First,
as suggested in (Shen et al. 2011b), the energy obtained by
the erupting MFRs may be insufficient to overcome the con-
finement of the overlying magnetic field because the accom-
panying flare of the present event was only a small energy-
less GOES C4.6 flare. The second reason may be due to
the weak magnetic core field, which was composed of two
small overlapping inverse-S-shaped filaments. Because for
confined tether-cutting eruptions, a weak magnetic shear core
relative to the overlying magnetic field should have less pos-
sibility to erupt successfully (Moore et al. 2001). In addition
to these possible physical factors, the erupting MFR2 is still
affected by the increased magnetic confinement of its overly-
ing confining magnetic field due to the continuous generation
of PFL3 by magnetic reconnection below MFR1 but above
MFR2 (see the red loop in between the green and the yellow
loops in Figure 6 (f)).

The magnetic reconnection in-between MFR1 and MFR2
is similar to the internal reconnection inside an MFR con-
taining a filament at the bottom, which often causes the suc-
cessful (failed) eruption of the upper (lower) part as seen in
many partial filament flux rope eruptions (e.g., Gilbert et al.
2001; Shen et al. 2012a). In previous observations, many au-
thors have proposed that a double-decker filament could be
formed by splitting a pre-existing single filament (e.g., Liu
et al. 2012; Tian et al. 2018; Dai et al. 2022; Zhang et al.
2022). However, for the present case, although we observed
the reconnection between the two MFRs as evidenced by the
appearance of PFL3, our observational results indicate that

the formation of the double-decker pair of flux rope system
was not due to the splitting of a single filament or flux rope.
We propose that the transient double-decker pair of flux rope
system was formed by two successive MFR eruptions formed
in the same PIL. Furthermore, in published cases of double-
decker filaments formed by internal reconnection, the upper
branch is often observed as a successful eruption, while the
state of the lower branch could be either stable or erupted as
a failed or successful eruption (e.g., Shen et al. 2012a; Cheng
et al. 2014; Chen et al. 2021b; Dhakal et al. 2018). Partially,
in some cases, the eruption of the lower branch may over-
take the upper one (Tian et al. 2018), or the rise of the lower
branch is accompanied by the descent of the upper one (Zhu
et al. 2015). In these cases, the two branches are observed to
interact and merge into one single filament, where they erupt
together to cause a single CME in the outer corona. In our
case, MFR2 should be a failed eruption, but MFR1 may erupt
successfully after a short pausing at the height of the saddle
base of the decay index in height.

It should be noted that many studies only consider the de-
cay index in the vertical or radial direction. This can be in-
accurate, as many flux rope eruptions are often not along the
vertical or radial direction, such as in the present case. As
shown by the decay index map in Figure 5 (e), the erupting
MFRs tend to avoid the low decay index region and erupt
towards the relatively high decay index region. Therefore,
the spatial decay index distribution of the coronal magnetic
field above the PIL may have a significant influence on the
eruption direction of MFRs.

4. SUMMARY

Using high spatiotemporal resolution and multi-
wavelength observations taken by the NVST and the SDO,
we report the successive formation and subsequent erup-
tion of two MFRs along the same PIL of AR12971 on 2022
March 20. We propose that a double-decker flux rope sys-
tem, consisting of a double flux rope equilibrium, can be
formed by two successive confined tether-cutting eruptions
from the same PIL.

Our observations show that the formations of two MFRs
are both due to the magnetic reconnection between the two
overlapping inverse-S-shaped filaments along the same PIL,
and the combined effect of the photospheric shearing motion
parallel to the PIL and the convergence motion perpendic-
ular to the PIL may play an important role in triggering of
the magnetic reconnection by pushing the arms of the two
overlapping inverse-S-shaped filaments against each other.
This result is supported by the four observed flare ribbons
at the footpoints of the newly formed MFRs and the PFLs
striding the middle portion of the PIL. After the formation
of each MFR, it erupted obliquely in the northeast direction,
leaving behind a pair of conjugated flare ribbons connected
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by a group of bright PFL striding the PIL. These observa-
tional results can be interpreted by using the tether-cutting
model (confined case, Moore et al. 2001). More importantly,
the observations and interpretations present in this paper also
provide a new physical mechanism for understanding the for-
mation of a double-decker filament system (the double flux
rope type). According to this line of thinking, one can expect
the formation of a triple-decker or multiple-decker filament
or flux rope system if three or multiple MFRs intermittently
form and erupt from the same PIL.

We find that the magnetic decay index of the coronal mag-
netic field above the PIL has a saddle-like profile in height.
In contrast, along the PIL within the saddle, the decay index
shows a gradual decreasing trend from the northeast end to
the southwest end of the PIL. We propose that the particular
distribution of the decay index of the coronal magnetic field
above the PIL affects the erupting MFRs in two ways, i.e.,
the saddle-like decay index distribution in height can con-
tribute to the failed eruption of the MFRs, while the asym-
metric decay index distribution within the saddle along the
PIL can lead to the non-radial eruption of the MFRs because
an MFR always tends to erupt towards regions with smaller
magnetic confinement. The failed eruption of MFR2 and the

possible pausing of MFR1 in the present event were probably
attributed to the combined effect of several different possible
reasons, including the saddle-like decay index distribution of
the overlying coronal magnetic field in height, the small ener-
gyless accompanying flare, and the relatively weak core field
of the magnetic system in the eruption source region. For
a full understanding of the formation of double-decker fila-
ments, further observational and theoretical studies are desir-
able in the future.
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