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ABSTRACT

Solar filament eruptions are often characterized by stepwise evolution due to the involvement of multiple mechanisms, such
as magnetohydrodynamic instabilities and magnetic reconnection. In this article, we investigated a confined filament eruption
with a distinct two-stage evolution by using the imaging and spectroscopic observations from the Interface Region Imaging
Spectrograph (IRIS) and the Solar Dynamics Observatory (SDO). The eruption originated from a kinked filament thread that
separated from an active region filament. In the first stage, the filament thread rose slowly and was obstructed due to flux pile-up
in its front. This obstruction brought the filament thread into reconnection with a nearby loop-like structure, which enlarged the
flux rope and changed its connectivity through the foot-point migration. The newly formed flux rope became more kink unstable
and drove the rapid eruption in the second stage. It ascended into the upper atmosphere and initiated the reconnection with
the overlying field. Finally, the flux rope was totally disintegrated, producing several solar jets along the overlying field. These
observations demonstrate that the external reconnection between the flux rope and overlying field can destroy the flux rope, thus
playing a crucial role in confining the solar eruptions.
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1 INTRODUCTION

Solar filament eruptions are a complex phenomenon that often un-
dergo a stepwise evolution (Kahler 1992; Sterling & Moore 2005;
Liu, Alexander, & Gilbert 2007; Yan et al. 2013; Cheng et al. 2020).
Previous studies have found that the filament eruptions produce a va-
riety of solar activities as they develop into different stages, such as
the flares, jets, and coronal mass ejections (CMEs) (Forbes 2000;
Zhang et al. 2001; Priest & Forbes 2002; Chen 2011; Hong et al.
2011; Sterling et al. 2015; Wyper, Antiochos, & DeVore 2017; Shen
2021). To better understand these solar activities, it is necessary for
us to investigate the evolution of the filament eruptions, including
their initiation, acceleration, and propagation processes, as well as
their interactions with the surrounding structures at each phase.

The kinematic evolution of filament eruptions usually consist of
two stages: a slow-rise stage and a main-acceleration stage (Kahler
1992; Sterling & Moore 2005; Shen, Liu, & Su 2012; Sterling et al.
2016; Cheng et al. 2020). In the first stage, the filament moves up
slowly at a nearly constant speed of less than 50 km B−1 . In the sec-
ond stage, the filament shows an exponential rise and its velocity was
accelerated to greater than 100 km B−1 in minutes (Sterling & Moore
2005; Sterling, Moore, & Freeland 2011; Cheng et al. 2020).The
slow-rise stage often occurs before the main-acceleration stage and
sometimes signals the onset of flares or CMEs (Zhang et al. 2001;
Cheng et al. 2023). In most cases, there is a transition point between
the slow-rise and main-acceleration stage, indicating that different
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driving mechanisms may operate in different stages and multiple
physical processes may be coupled during the transition (Cheng et al.
2020). Therefore, how the filament eruption evolves from a slow-rise
stage to a main-acceleration stage is still a topic of interest.

One possible mechanism for triggering and driving the fila-
ment eruption is the ideal MHD instabilities, such as the helical
kink instability and the torus instability. The helical kink instabil-
ity occurs when a twisted magnetic flux rope exceeds a critical
value of twist (Fan & Gibson 2004; Kliem, Titov, & Török 2004;
Török, Kliem, & Titov 2004). The flux rope then becomes unsta-
ble and writhes, forming a distinct inverse-W or Ω morphology that
can erupt (Ji et al. 2003; Alexander, Liu, & Gilbert 2006; Yang et al.
2012; Hassanin & Kliem 2016). On the other hand, the torus in-
stability is related to the overlying magnetic fields that confine the
twisted flux rope (Kliem & Török 2006; Démoulin & Aulanier 2010;
Chandra et al. 2017; Cheng et al. 2020). If the overlying field decays
sufficiently fast with height (called the decay index), the flux rope
will undergo a rapid expansion. The torus unstable domain is usu-
ally determined by the critical height where the decay index reach a
critical value (Kliem & Török 2006).

Many filament eruptions with a stepwise evolution can be well ex-
plained within the framework of ideal MHD instabilities. Fan (2005)
found that the nonlinear kink motion of the flux rope reduces the
confinement of the flux rope by changing its orientation at the apex.
Liu, Alexander, & Gilbert (2007) suggested that the catastrophic loss
of equilibrium is induced by the kinking motions in the filament
activation. Vemareddy, Gopalswamy, & Ravindra (2017) studied a
prominence eruption with slow-rise and main-acceleration phases
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and attributed it to a kink unstable flux rope entering the torus unsta-
ble domain. In contrast, many failed filament eruptions are modeled
as a kink unstable flux rope in the torus stable domain (Ji et al. 2003;
Török & Kliem 2005; Hassanin & Kliem 2016). Cheng et al. (2020)
found that the main-acceleration stage starts at the critical height
where torus unstable begins to dominate. Chandra et al. (2017) in-
vestigated a two-step filament eruption by calculating the decay index
by the overlying field, and proposed that the evolution is due to the
presence of successive instability-stability-instability zones as the
filament rises.

Previous studies have also revealed that magnetic reconnection
plays a vital role in the filament eruption, such as the tether-
cutting reconnection (Moore et al. 2001), the emerging flux trig-
gering mechanism (Chen & Shibata 2000), and the break-out re-
connection (Antiochos, DeVore, & Klimchuk 1999). Magnetic re-
connection often occurs in multiple steps in a single event
(Wyper, DeVore, & Antiochos 2018; Yang et al. 2023, 2024), which
has been proposed as an alternative mechanism for the stepwise evo-
lution of filament eruption (Kontogiannis et al. 2020; Zhang et al.
2021; Zheng et al. 2023). Moreover, the magnetic field of the fila-
ment itself can also interact with the surrounding magnetic structures,
which can either trigger or suppress the eruption of the filament. For
instance, the interaction of a filament with nearby chromospheric
fibrils and sheared loops can enlarge the filament or increase its
twist, leading to its destabilization and subsequent eruption (Bi et al.
2012; Chen et al. 2019; Yan et al. 2020, 2022; Yang et al. 2023).
Conversely, observations and simulations have demonstrated that
external reconnection between an erupting flux rope and overly-
ing field can reduce the upward hoop force of the flux rope, thus
playing a vital role in confining the solar eruptions (Netzel et al.
2012; Hassanin & Kliem 2016; Xue et al. 2016; Kumar et al. 2023;
Chen et al. 2023; Jiang et al. 2023).

In this article, we investigate a confined filament eruption
with a distinct two-stage evolution. This event was well ob-
served by the Interface Region Imaging Spectrograph (IRIS;
De Pontieu et al. 2014), which operated the scanning slit moving
roughly in path with the filament eruption. Combined with the multi-
wavelength imaging observations from the Solar Dynamics Obser-
vatory (Pesnell, Thompson, & Chamberlin 2012, SDO;), this event
provides an excellent opportunity for us to study the dynamic behav-
ior of the filament in the stepwise eruption.

2 INSTRUMENTS AND DATA REDUCTION

The data sets in this study are mainly from IRIS and SDO. IRIS
obtains simultaneous spectra and slit-jaw images (SJIs) of the solar
atmosphere with a spatial resolution of 0.′′33-0.′′4 and spectral res-
olution of 26 mÅ/53 mÅ for far-UV/near-UV passband over a field
of view of 175′′×175′′ . The spectra of IRIS include three passbands,
containing doublet bright lines of Mg II h/k 2803/2796 Å (∼ 104 ,
in the chromosphere), C II 1334/1335 Å (∼ 104.3 , in the transi-
tion region), and Si IV 1394/1403 Å (∼ 104.8 , in the transition
region). IRIS/SJIs are obtained through four different wavelengths
centered at 1330, 1440, 2796, and 2832 Å. On 2021 December 24,
IRIS observed the active region (AR) 12907 in the very large dense
320-step raster mode, which well covered the filament eruption here
studied. IRIS/SJI 2796 Å and 1400 Å images are mainly used with a
cadence of 37s. The spectra of the Mg II k line is used to diagnose
the filament eruption with a step cadence of 9.3s. All the spectra and
SJIs here used are obtained in the form of calibrated level 2, which
is downloaded from the IRIS database.

SDO provides UV and EUV images from the Atmospheric Imag-
ing Assembly (AIA; Lemen et al. 2012) and the magnetograms from
the Helioseismic and Magnetic Imager (HMI; Schou et al. 2012).
AIA images have a pixel size of 0.6′′ and a cadence of 12/24s for the
EUV/UV images. HMI data include the line-of-sight (LOS) mag-
netograms and the vector magnetograms with a pixel size of 0.5′′ .
We mainly used the vector magnetograms with a cadence of 720s,
which were remapped using a Lambert cylindrical equal-area projec-
tion and then transformed into the heliographic coordinates with the
projection effect removed. All the data were differentially rotated to
a reference time of 2021-12-24T10:13, close to the flare maximum.

3 RESULTS

3.1 Overview of the C4.2 flare SOL2021-12-24T10:13

The solar flare in this article occurred in the NOAA active re-
gion (AR) 12907, located near the southwest limb of the solar disk
(S23◦W72◦) on December 24, 2021. Figures 1 (a) and (b) show the
general view of the AR before the flare. A U-shaped filament can be
seen in the middle of the active region, with its left leg lying above
the neutral line of a small bipole. A few minutes later, the left part
of the filament was activated and partially erupted, resulting in the
flare captured by the AIA 1600 Å images in Figure 1 (c). An online
animation onlinemovie1 is available to show the entire evolution of
the filament eruption. According to the GOES 1-8 Å soft X-rays flux
(Figure 1 (d)), this flare reached C4.2 class, and intriguingly, the
GOES soft X-ray flux showed two apparent increases. The first one
ended around 10:07 UT and the second one ended at 10:13 UT, which
was the peak time of the flare. The soft X-ray flux curves suggest
two intense energy release phases during the filament eruption, and
it motivates us to investigate what mechanism caused the secondary
acceleration of the eruption.

3.2 First Stage: Initial Activation and Slow-rise Stage

Figure 2 shows the sequence of IRIS 2796 Å and 1400 Å SJI im-
ages that display the chromospheric and transition region imaging
of the filament eruption in the first stage. At 10:03 UT, a thread-like
structure suddenly activated and separated from the left leg of the
U-shaped filament. The separation motion was accompanied by the
brightening of the two foot-points of the thread, as shown in Figures
2 (a1) and (b1). In the highlighted partial view of Figure 2 (a1), the
filament thread was located around the magnetic neutral line, with
its northern leg rooted in the positive polarity region and its southern
leg rooted in the negative polarity region. The length of the filament
thread was about 10 Mm, which was comparable to the scale of a
mini-filament (Hong et al. 2011, 2014; Sterling et al. 2015). In the
next 5 minutes from 10:03 to 10:08 UT, the filament thread rose and
expanded southward, eventually evolving into an S-shaped flux rope
structure, as shown by the partial highlighted view in Figure 2 (a4).
This S-shaped flux rope is sinistral since its axial magnetic field was
left when viewed from the positive side of the PIL (Martin 1998).
The transition of the filament thread from nearly straight to S-shaped
indicated that the kink instability of the thread might be the main
driving mechanism in this stage.

In the transition region, IRIS 1400 Å images (Figures 2 (b1)-(b4))
show that the ascent of the flux rope was accompanied by a significant
brightening, indicating that the filament thread was heated during
the slow-rise stage. The flux rope encountered an obstacle when it
reached a certain height around (865”, -380”). The southern part
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Imaging and spectroscopic observations of a confined solar filament eruption with two-stage evolution 3

Figure 1. Overview of the solar flare SOL2021-12-24T10:13 (C4.2) in NOAA AR 12907. Panels (a)-(b): AIA 304 Å image and HMI line-of-sight magnetogram
showing the general configuration of AR 12907 before the flare, with the yellow dotted circle enclosing the main flare region. The blue arrow in Panel (a) points
to the filament with impending eruption. Outline of the filament is also superposed as the blue curve in Panel (b). Panel (c): AIA 1600 Å image showing the
C4.2 flare at the peak time. Panel (d): Time profiles of the GOES soft X-ray 1-8 Å and 0.5-4 Å flux showing a two-stage evolution of the flare.

of the S-shaped flux rope was squeezed and deformed, as indicated
by the white arrow in Figures 2 (b3) and (b4). This process can be
seen more vividly in the online animation onlinemovie2. Here, the
obstruction was likely due to the magnetic flux pile-up in front of the
rising flux rope, as evidenced by the deformation of the flux rope,
which remained intact throughout the first stage. Furthermore, we
observed that an ambient loop-like structure also showed a slight
brightening following the ascent of the flux rope, as indicated by the
yellow arrow in Figure 2 (b4). In the AIA 304 Å images (Figure
2 (c1)-c(4)), the brightening of the loop-like structure was more
apparent, and it first appeared around 10:05 UT. The most noticeable
brightening occurred at the location where the loop-like structure
came into contact with the rising flux rope, as marked by the blue
arrow in Figure 2 (c2). Subsequently, it can be seen that part of the
loop-like structure merged with the flux rope at the contact point as
shown in Figure 2 (c4). Moreover, a twisted brightening structure
wrapped around the filament thread was observed, as highlighted by
the green arrow in Figure 2 (c3) and (c4). This observation suggests
that the exterior magnetic field wrapped around the filament thread
underwent a magnetic reconnection with the surrounding loop-like
structure during the slow-rise motion of the filament thread.

3.3 Second Stage: Growth, Kinking, and Disintegration of the

Filament

The transition of the filament eruption from the first stage to the
second stage was well covered by the SDO/AIA multi-wavelength
observations. Figure 3 shows the sequence of AIA 94 Å (∼6.3 MK),
304 Å (∼ 0.05 MK), and 1600 Å (∼ 0.1MK) images that display
the evolution of the solar atmosphere at multiple temperatures. At
the end of the first stage (10:07-10:08 UT), the heated flux rope
(FR) and the ambient loop-like (LP) structure were also observed in
the AIA 94 Å image, as pointed out by the white arrows in Figure 3
(a1). The loop-like structure exhibited an S-shaped similar to the flux
rope, suggesting that it was non-potential and might have a relatively
strong twist. As mentioned before, FR and LP were under interaction
at this moment. Then at 10:11 UT, FR and LP appeared to be fully
connected and coalesced into a large Ω-shaped flux rope, as seen in
the AIA 94 and 304 Å images (Figures 3 (a2) and (b2)). Meanwhile,
significant brightening of two foot-points occurred in the AIA 1600
Å image, as marked by FP1 and FP2 in Figure 3 (c2). FP1 was in the
region where the northern foot-point of FR was located, and FP2 was
in the region where the eastern foot-point of LP was located. At this
moment, FP1 and FP2 became the two foot-points of the Ω-shaped
flux rope, indicating that the interaction between FR and LP changed
the connectivity of the erupting flux rope. This newly formed flux

MNRAS 000, 1–9 (2023)
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Figure 2. Evolution of the filament eruption in the first stage. Panels (a1)-(a4): Sequence of IRIS 2796 Å images displaying the rising of an S-shaped filament
in the chromosphere. In the close-up view at the top right corner of Panels (a1) and (a4), outline of the filament is highlighted by the red curve, and isogauss
contours with levels of ±200 G are overploted as blue and green contours. Panels (b1)-(b4): Sequence of IRIS 1400 Å images showing the relevant brightening
features in the transition region. Panels (c1)-(c4): Sequence of AIA 304 Å images showing the interaction between the rising filament thread/initial flux rope
(white arrows in (b3)–(b4)) and the ambient loop-like structure (yellow arrows).

rope was unstable and continued to rise again, and then the filament
eruption entered the second stage.

The newly formed flux rope demonstrated obvious rotational
motion. As seen in Figures 3 (a3) and (b3), the flux rope ro-
tated clockwise about the vertical when viewed from above. The
northwestern leg wrapped around to the back and the southeast-
ern leg wrapped around to the front, transforming the Ω-shaped
flux rope into a cross-legged morphology. Such a morphology
was usually considered a sign of a flux rope with increased
kink instability (Alexander, Liu, & Gilbert 2006; Yang et al. 2012;
Hassanin & Kliem 2016), referred to as the twist-to-writhe transi-
tion. The kink motion caused the flux rope to expand and rise further
to a higher position. This allowed the erupting flux rope in direct
contact with the overlying magnetic flux, as shown in Figure 3 (a3).
Meanwhile, remote brightening in FP3 and FP4 were also observed in
the 1600 Å image, as shown in Figure 3 (c3). Based on the isogauss
contours overplotted in Figure 3 (b5), FP1 and FP2 were located
near the magnetic neutral line connecting the erupting flux rope
from positive to negative polarity, while FP3 and FP4 were rooted
in the positive and negative polarity regions, respectively. It can be

roughly distinguished from the AIA 94 Å images that the overlying
field mainly consisted of two bundles (Figures 3 (a3) and (a4)). One
bundle was on the southeast side of the flux rope and had FP3 as a
footpoint. Another bundle was on the northwest side and had FP4 as
a footpoint. The footpoints on the opposite side of these two bundles
of magnetic fields were obscured by the erupting flux rope. It is also
likely that FP3 and FP4 were linked by a group of large-scale coronal
loops as seen in the AIA 94 Å images after the eruption (see the
online animation onlinemovie1).

After 10:13 UT, the rising flux rope began to disintegrate and
evolved into several solar jets along the overlying fields bundles, as
seen in the AIA 304 Å images (Figures 3 (b4) and (b5)). The domi-
nant jet moved along the southeast bundle toward a position around
FP4, and a secondary smaller jet trailed behind it. Another jet along
the southeast bundle toward a region near FP3 was also detected.
Obviously, the filament eruption changed its character from a flux-
loop-like to a jet-like at this stage. This transition is well consistent
with the solar jet model by Sterling et al. (2015), which suggests that
the reconnection between the rising loop and the overlying field can
produce a jet-eruption. Consequently, the rising flux rope was totally
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Imaging and spectroscopic observations of a confined solar filament eruption with two-stage evolution 5

disintegrated after these jets and all the eruptions were confined by
the overlying field bundles.

3.4 Spectroscopic observations of the filament eruption

Figure 4 and the online animation onlinemovie2 show the IRIS/SJI
2796 Å imaging and spectra of the Mg II k line. The sequence of
IRIS 2796 Å SJI images (Figures 4 (a1)-(a5)) clearly show the twist-
to-writhe transition of the flux rope. The slit swept across the top of
the flux rope where the rotational motion mainly occurred. Figures 4
(b1)-(b5) show the spectra of the Mg II k line at the corresponding
slits. Figures 4 (c1)-(c5) show the spectral line profiles of selected
pixels (marked by blue and red circles) and compares them with the
quiet spectrum of the Mg II k line (dashed curves). The Doppler
velocity of the Mg II k line in the selected pixel was measured using
the center-of-gravity method with the quiet spectrum as the reference.
The line width of the Mg II k line was computed by taking its full
width at half maximum.

At 10:09 UT, the IRIS slit scanned the middle part of the flux
rope. Owing to its chromospheric origin, the profile of the Mg II
k line showed strong self-absorption in the line center due to the
large opacity of the filament, as shown in Figures 4 (b1) and (c1).
A large Doppler blueshift of -25.8 km/s and a line width broadening
of 1.78 Å can also be observed. We speculated that the blueshift
was caused by the ascent of the filament in the line-of-sight direc-
tion, and the line width broadening was caused by the magnetic
reconnection below the filament in the first stage. At 10:11 UT,
the slit scanned the top of the flux rope when the filament inter-
acted with the ambient loop-like structure. The line intensity was
strongly enhanced to 41.8 �@B (intensity at quiet Sun) and the self-
absorption in the line center disappeared, as shown in Figures 4 (b2)
and (c2). This might indicate that the filament was heated to a tem-
perature of transition region that reduced the opacity, as suggested
by Carlsson, Leenaarts, & De Pontieu (2015). The Doppler blueshift
still existed at the top of the flux rope, but was slightly reduced to a
velocity of -17.6 km/s.

In the next period, from 10:12 UT to 10:13 UT, the kinking motion
of the flux rope was obvious when the slit swept across the top of
the knotted flux rope. At this stage, the cross-legged morphology
had formed. Its front leg began to rotate downward and the rear
leg began to rotate upward along the line-of-sight. From the spectra
of the Mg II k line (Figures 4 (b3)-(b4)), one can see a significant
redshift appeared in the north part (marked by the red circle), while
it reversed to a blueshift in the south part ( marked by blue circle).
The maximum of the red and blue shifts corresponded exactly to
the north and south edges of the flux rope. Then at 10:15 UT, when
the slit scanned the overlying flux bundle, the spectra of the Mg
II k line also showed a clear red-blue asymmetry in Figure 4 (b5).
The line profiles of the selected pixels (marked the by red and blue
circles) were extremely similar, with an intensity of∼24 �@B , Doppler
velocities of 46.8 and -38.8 km/s, and line width broadenings of 1.58
and 1.73 Å. This phenomenon suggests that the rotational motion
was transferred from the flux rope to the overlying fields as the solar
jet appeared.

3.5 Time evolutions

To study the temporal evolution of the filament eruption, a time-space
diagram of the AIA 304 Å images was made along the direction of
filament eruption. The result is presented in Figure 5 (a). Clearly, the
kinematic evolution of the filament eruption can be recognized as

two distinct stages. In the first stage, from 10:03 UT to 10:11 UT, the
filament rose slowly with a projected average speed of 15 km B−1 .
Then the filament accelerated in a very short time and the projected
average speed reach a level of 147 km B−1 in the second stage. The
transition point between the first and the second stages was clear at
10:11 UT, which was exactly the time when the new Ω-shaped flux
rope completely formed, as shown in Figures 3 (a2) and (b2).

The intensity evolutions of the foot-points (FP1-FP4) were further
traced to demonstrate the temporal relationship between the filament
eruption and the sequence of foot-point brightening. We found that
the two brightening peaks of FP1 (shown by two vertical dashed lines
at 10:03 UT and 10:12 UT) coincided with the onset times of the two
stages of the eruption at 10:03 UT and 10:11 UT. Moreover, it was
found that only FP1 showed significant brightening in the first stage,
while the other FP2-FP4 had no obvious response. This suggested
that the eruption in the first stage was induced by the small S-shaped
filament thread and was confined in a compact region around FP1,
as previously illustrated in Figure 2. At the beginning of the second
stage, FP1 and FP2 started to brighten and peaked simultaneously at
around 10:12 UT. It suggests that the eruption in the second stage
was due to the Omega-shaped flux rope at a larger scale, which
was formed by reconnection between the original flux rope and the
ambient loop-like structure and rooted in FP1 and FP2, as shown in
Figure 3. FP3 and FP4 also showed brightening in the second stage,
but their onset and peak times were slightly delayed compared to FP1
and FP2. This delay demonstrate that the remote brightenings at FP3
and FP4 resulted from the magnetic reconnection between the new
flux rope and the overlying field. The resulting destruction of flux
rope and formation of solar jets along the overlying field also verify
this reconnection procedure, as shown in Figure 3.

Doppler velocity and line width of the Mg II k line were also
obtained along the scanning slit to show the dynamic behavior of
the filament. Figures 5 (c) and (d) show that the properties of the
flux rope in the first and second stages were different. In the first
stage, blueshift and line broadening were mainly concentrated in the
middle of the flux rope. It suggests that the filament was dominated by
ascending motion in the first stage. In the second stage, the flux rope
showed an asymmetry of red-blue shift, manifesting as a redshift
in the north part and a blueshift in the south part. This indicates
that the rising flux rope was under rotational motion in the second
stage, which conforms to the action of the kink instability. It was also
found that the line width broadening occurred primarily at two time
intervals, 10:09-10:11 UT and 10:13-10:16 UT. These two intervals
corresponded to the two reconnection procedures, i.e., reconnection
between the S-shaped flux rope and ambient loop, forming the Ω-
shaped flux rope, and the reconnection between the Ω-shaped flux
rope and overlying field, forming the jet.

4 CONCLUSIONS AND DISCUSSIONS

In this article, we presented a detailed analysis of a solar filament
eruption by using the imaging and spectroscopic data from IRIS and
SDO. The filament eruption showed a distinct two-stage evolution,
which consisted of a slow-rise stage followed by a rapid eruption
stage. The main driving mechanism of the filament eruption at each
stage has been discussed. The observational results and our interpre-
tations are concluded as following.

The filament eruption originated from a filament thread splitting
from a U-shape filament. The filament thread rose slowly in the first
stage and transformed from a nearly straight thread to an S-shaped
flux rope. Such a procedure was very similar to the case reported by
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FRLP FR

Slit

Figure 3. Evolution of the filament eruption in the second stage. AIA 94 Å (Panels (a1)-(a4)), 304 Å (Panels (b1)-(b5)), and 1600 Å (Panels (c1)-(c3)) images
showing the solar atmosphere at multiple temperatures. Panels (a4), (b4), and (b5) have a larger field-of-view to show more extended area involved in this
eruption. The dotted curve in Panel (b4) denotes the slit position for the time-space digram in Figure 5 (a). The four colored circles in Panel (c3) and (a4) mark
the brightening location of the foot-point in 1600 Å, and the white/black circle in Panel (b5) denotes the foot-point dominated by positive/negative polarity.
Isogauss contours with levels of ±200 G are overplotted as the blue and green contours in Panel (b5).

Bi et al. (2015). They investigated a partial filament eruption, which
was induced by a filament thread splitting from the middle of the
filament in a kinking fashion. Previous study has also shown that the
kink instability was responsible for the slow-rise phase of the filament
eruption (Vemareddy, Gopalswamy, & Ravindra 2017). In addition,
no significant flux emergence or magnetic cancelation was observed
in this stage, therefore the mechanism of magnetic reconnection can
be ruled out. Accordingly, the kink instability of the filament thread
was probably the main driving mechanism in the first stage.

The filament thread was obstructed and deformed when it rose to a
certain height. The filament did not stop evolving, but began to recon-
nect with the ambient loop-like structure, resulting in the formation
of a new, larger flux rope. This interaction led the erupting flux rope
to change its connectivity, with one of its foot-points migrating from
the southern side of the filament to the far side of the loop-like struc-
ture. The newly formed flux rope exhibited stronger kink instability,
manifested by its top rotation to form a cross-legged shape. This
process was similar to the filaments interaction previously reported
by Jiang et al. (2013). They found that the failed eruption of a small
filament brought it into contact with a nearby filament, and that the

interaction between them created a new filament with a clear cross-
legged shape. Bi et al. (2012) also found that a filament thread driven
by kink instability underwent a reconnection with the surrounding
magnetic field, resulting in a more twisted field of the erupting fil-
ament. Moreover, growth of filaments caused by interaction with
their adjacent structures were also reported (Yang et al. 2016, 2023).
Recently, Gou et al. (2023) provided a case of an S-shaped thread
developing into an erupting flux rope. They discovered that one of
the sigmoidal thread’s foot-points migrated to a completely different
location in conjunction with a twofold rise in magnetic flux, and
suggested that the magnetic reconnections between the flux rope and
the surrounding magnetic fields led to the twist development of the
flux rope. In our study, the growth of the flux rope, the migration
of the foot-point, and the appearance of the cross-legged shape were
all clearly observed. Therefore, we suggested that the interaction be-
tween the filament and the surrounding loop-like structures might
enhance the kink instability of the erupting flux rope, which in turn
triggered the second stage of the filament eruption.

The kink instability drove the flux rope to rise into the higher at-
mosphere, which triggered the filament to interact with the overlying
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Imaging and spectroscopic observations of a confined solar filament eruption with two-stage evolution 7

Figure 4. Spectroscopic observations on the filament eruption. Panels (a1)-(a5): Sequence of IRIS 2796 Å SJI images displaying the twist-to-writhe transition
of the erupting filament. Panels (b1)-(b5): Spectra of the Mg II k line at the corresponding slits shown in the top panels. Panels (c1)-(c5): Line profiles of the Mg
II k line at the selected pixels where the scanning slit across the filament. The blue/red curve denotes the line profile of the pixel shown by the blue/red circles
in Panels (a1)-(a5). The black dashed curve denoted the quiet spectrum of Mg II K line obtained by taking the median value from the quiet Sun indicated by the
vertical green line in Panel (a4).

field. Afterwards, the filament eruption changed from a flux-loop-
like to a jet-like morphology. This transition confirms to the solar
jet model in Sterling et al. (2015). They proposed that small-scale
filament eruptions can be taken as the driver of solar jets, through the
reconnection between the rising loop and the overlying field. In this
event, several jet-eruptions emerged along the overlying field bundles,
and all were accompanied by remote brightening. These phenomena
imply that the external reconnection between the filament and over-
lying field took place in the second stage. As a consequence, the
filament was completely disintegrated and the eruption was confined
by the overlying field. In fact, external reconnection between the
erupting flux and the overlying field has frequently been reported in
the confined eruptions (Netzel et al. 2012; Hassanin & Kliem 2016;
Xue et al. 2016; Kumar et al. 2023; Yang et al. 2023). Chen et al.
(2023) and Jiang et al. (2023) modeled the external reconnection be-
tween the flux rope and the overlying magnetic fields and suggested
that the reconnection can erode the flux rope, decreasing its upward
hoop force, and eventually destroy the flux rope. In this event, the de-
struction of the flux rope and the resulting formation of jets provide
an observational evidence to support this view.

Particularly, the availability of spectroscopic observation from the
IRIS mission reveals several details about the dynamics of the fil-
ament in this study. The spectra of the Mg II k line changed from
blue-shift dominance to red-blue asymmetry, indicating the rotation
of the ascending flux rope, which conforms to the action of the kink

instability. The reconnection between the flux rope and ambient loops
in the second phase is evidenced by the line width broadening, in-
tensity brightening, and the disappearance of self-absorption on the
Mg II k line profile. The red-blue asymmetry of the Mg II k line of
the overlying field also shows that the rotation was transferred from
the flux rope to the overlying field as the solar jet emerged.

However, tracing the twist evolution of the flux rope during the
eruption is challenging, since the magnet field measurements in this
event were not very accurate due to the limb effect. Our discus-
sions of the kink instability of the flux rope are limited to qualitative
speculation based on the imaging and spectroscopic observations. In
future, events with accurate magnetograms will help us confirm our
idea that the interaction of flux rope with the surrounding structures
can enhance the twist of flux rope, thereby increasing the MHD in-
stabilities of the flux rope and ultimately contributing to the filament
eruption.
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