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Abstract

We use data from the Atmospheric Imaging Assembly on board the Solar Dynamics Observatory to study the most
likely formation of a forced reconnection region and associated plasma blobs, triggered by jetlike structures in a
prominence segment. Around 05:44 UT on 2017 December 16th, hot jetlike structures lifted from a nearby active
region and fell obliquely on one side of the prominence segment with velocities of ~45-65kms '. These
eruptions compressed the boundaries of the prominence and flux rope, forming an elongated reconnection region
with inflow velocities of 47-52kms™' and 36-49 kms ™' in the projected plane. A thin, elongated reconnection
region was formed, with multiple magnetic plasma blobs propagating bidirectionally at velocities of
91-178km s '. These dense blobs, associated with ongoing reconnection, may also be linked to the onset of
Kelvin—Helmholtz (K-H) instability. The blobs are attributed to plasmoids, moving at slower speeds
(91-178 kms ') due to the high density in the prominence segment. The dimensionless reconnection rate
varied from 0.57-0.28, 0.53-0.26, and 0.41-0.20, indicating reconnection rate enhancement and supporting the
forced reconnection scenario. After reconnection, the prommence plasma heated to 6 MK, releasing significant
thermal energy (5.4 x 10?” erg), which drained cool prominence plasma and heated it to coronal temperatures.
The ubiquity of jets and outflows in the solar atmosphere makes the aforementioned reconnection and possible
coexistence of K-H instability potentially important for the magnetic energy release and heating in the solar
atmosphere.

Unified Astronomy Thesaurus concepts: Solar physics (1476); Solar magnetic reconnection (1504); Solar magnetic

fields (1503); Solar prominences (1519)
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1. Introduction

Solar prominences are clouds of cool and dense plasma
suspended against gravity within a magnetic field in a million-
degree hot corona. They show a variety of dynamical plasma
processes such as instabilities, waves, turbulence, bidirectional
and counterstreaming flows, and oscillation (e.g., N. Labrosse
et al. 2010; D. H. Mackay et al. 2010; S. Parenti 2014;
A. Hillier 2018; S. K. Mishra et al. 2018, 2021; S. K. Mishra &
A. K. Srivastava 2019, and references cited therein). Magnetic
reconnection and instability may be two major causes of the
eruption of solar prominences. Magnetic reconnection is a
crucial physical process in astrophysical and laboratory plasma.
It is defined as the breaking and reconfiguration of two
oppositely directed magnetic field lines. During this process,
the stored magnetic energy converts into heat, kinetic energy,
and radiation. Several theoretical studies have been conducted
to understand the activities of small-to-large-scale magnetic
structures in the solar atmosphere, such as solar flares, jets,
spicules, filament eruptions, coronal mass ejection (CME), and
space plasma (e.g., K. Shibata et al. 1995; T. Yokoyama &
K. Shibata 1995; K. Shibata 1999; E. Priest & T. Forbes 2000;
M. Yamada et al. 2010; P. F. Chen 2011;J. Y. Ding et al. 2011;
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K. Shibata & T. Magara 2011; M. Hesse & P. A. Cassak 2020;
O. Khabarova et al. 2021). However, direct observation of
magnetic reconnection in the solar atmosphere remains elusive.
High-resolution data obtained from Solar Dynamics Observa-
tory (SDO), Infrared Interferometer in Space (IRIS), and
ground-based observatories (Spitzer Space Telescope, hereafter
SST) provide a unique opportunity to observe and study the
magnetic reconnection in different magnetic structures in the
solar atmosphere (G. B. Scharmer et al. 2008; W. D. Pesnell
et al. 2012; B. De Pontieu et al. 2014). Most solar activities,
such as small-to-large-scale eruptions and different plasma
processes in the solar atmosphere, such as jets, prominence,
CMEs, solar flares, spicules, Ellerman bombs, and bright
points, are governed by magnetic reconnection. Reconnection
is also responsible for the heating of magnetized plasma, and it
may drive the flows at different spatiotemporal scales in the
solar atmosphere. The onset of magnetic reconnection may
occur in two ways: spontaneous or forced. The theory and
observations of spontaneous magnetic reconnections have been
well studied. It is a major candidate for coronal heating (e.g.,
E. N. Parker 1988; M. Yamada et al. 2010), triggering
eruptions (e.g., J. Zhang et al. 2012; H. Peter et al. 2014;
J. Q. Sun et al. 2015), prominence eruptions (e.g., L. Li et al.
2016; Z. Xue et al. 2016; S. K. Mishra et al. 2020), jets (e.g.,
T. Yokoyama & K. Shibata 1995; D. E. Innes et al. 1997;
P. Jelinek et al. 2015; A. C. Sterling et al. 2015; P. Antolin
et al. 2021; S. K. Mishra et al. 2023), the evolution of bright
points (e.g., H. Tian et al. 2014; H. Peter et al. 2014), spicules
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(T. Samanta et al. 2019), plasma flows (S. Mondal et al. 2023),
and solar flares (e.g., S. Masuda et al. 1994; Y. Su et al. 2013)
under solar atmosphere.

In the lower solar atmosphere, the small-scale magnetic
reconnections are in general initiated by the flux emergence
(K. Shibata et al. 1992), and release of photospheric shearing
(K. Shibata et al. 1992; Z. Xue et al. 2018). Several small-scale
features have also been identified using the high-resolution SST
and IRIS data (e.g., UV bursts, Ellerman bombs, quiet-Sun
Ellerman bombs, bright points, etc.). Small-scale magnetic
reconnection may be responsible for the evolution of these
magnetic structures, which increases emitted radiation by
several orders and governs the plasma flow of 100kms ™' at a
smaller spatial scale (a few hundred kilometers) in the lower
solar atmosphere (H. Peter et al. 2014). Also, a small-scale
magnetic reconnection was reported in the quiet region of the
Sun and sunspot penumbrae and identified as an Ellerman
Bomb (J. Joshi et al. 2020; L. H. M. Rouppe van der Voort
et al. 2021). It is also responsible for triggering ultraviolet
bursts (H. Peter et al. 2014). These structures appear as bright
needlelike structure in the high-resolution SST data, and
magnetic reconnection is found to be the major cause of small-
scale magnetic structures in the solar atmosphere. The small-
scale magnetic reconnection may be associated with the
nanoflares like energy range and can contribute to the coronal
heating. It appears in various magnetic structures in the solar
atmosphere, e.g., chromospheric jets (K. Shibata et al. 2007),
magnetic braids (J. W. Cirtain et al. 2013), coronal loops
(P. Testa et al. 2014), X-ray jets in coronal holes (A. C. Sterling
et al. 2015) using high-resolution observations covering from
visible, UV, EUV, and X-ray data. High-resolution data from
the Extreme Ultraviolet Imager (P. Rochus et al. 2020) on
board the Solar Orbiter mission (D. Miiller et al. 2020) reveal
the loop-like elongated brightening known as an EUV bright-
ening, extreme-ultraviolet bursts, and nanoflares in the quiet-
Sun transition region and corona (D. Berghmans et al. 2021;
L. P. Chitta et al. 2021). Magnetic reconnection is one of the
acceptable mechanisms to trigger these EUV brightening in the
solar atmosphere. Recently, bidirectional jets and nanoflares
were also discovered in solar prominence, which are triggered
due to the reconnection between the ambient field and sheared
prominence field (e.g., P. Antolin et al. 2021; A. Hillier &
V. Polito 2021). As discussed in the above section, small-to-
large-scale eruptions and magnetic structures are governed by
spontaneous magnetic reconnection, which is well-studied
theoretically and observationally. Moving further, a leap
forward, a new physical scenario, has recently been envisioned
(A. K. Srivastava et al. 2024) and numerically modeled
(S. Mondal et al. 2024b), where a wavelike perturbation results
in the collapse of a null formation, reconnection, and plasmoid
dynamics in the current sheet further leading an onset of fast
magnetoacoustic waves in the solar corona. This is termed
“Symbiosis of WAves and Reconnection (SWAR).”

The second method of magnetic reconnection involves the
formation of a current sheet in a magnetohydrodynamic (MHD)
stable configuration, where the reconnection process is perfectly
seeded (e.g., T. S. Hahm & R. M. Kulsrud 1985; G. Vekstein
2017; M. A. Potter et al. 2019; S. Mondal et al. 2024a).
The theory and modeling of forced reconnection are well
developed both analytically and numerically (e.g., T. S. Hahm
& R. M. Kulsrud 1985; X. Wang & A. Bhattacharjee 1992;
G. E. Vekstein & R. Jain 1998; P. K. Browning et al. 2001;
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J. Bim et al. 2005; R. Jain et al. 2005; G. Vekstein 2017,
M. A. Potter et al. 2019). Energy release and plasma heating due
to forced reconnection are derived analytically by G. E. Vekstein
& R. Jain (1998). Forced reconnection occurs even in MHD stable
configurations when external deformation or perturbation forces
oppositely directed magnetic fields to form a current sheet. The
dynamical solar atmosphere may launch such perturbations in
the form of a sheared photospheric field, flux emergence, wave
activities, or external eruptions, etc. As forced reconnection
proceeds, the elongated current sheet breaks into multiple
magnetic islands, similar to the tearing mode evolution (e.g.,
J. Bim et al. 2005; R. Jain et al. 2005; L. Comisso et al. 2015;
G. Vekstein & K. Kusano 2015; G. Vekstein 2017; M. A. Potter
et al. 2019; S. Mondal et al. 2024a). A time lag appears between
external perturbations and the internal response of the system
before the onset of forced reconnection. This temporal lag is
useful for determining the energy conversion and dissipation rate
(e.g., R. Jain et al. 2005; G. Vekstein 2017; M. A. Potter et al.
2019; A. K. Srivastava et al. 2019, 2021). Although the analytical
and numerical modeling approach of forced reconnection is well
established, only a few observational studies have directly
observed the onset of forced reconnection in the solar atmosphere
(e.g., D. B. Jess et al. 2010; H. Chen et al. 2019; A. K. Srivastava
et al. 2019; H. Mészdrosova & P. Gomory 2020; A. K. Srivastava
et al. 2021).

It should be noted that there were significant differences
between spontaneous and forced reconnection. Spontaneous
reconnection may be associated with flux emergence (e.g.,
K. Shibata et al. 1992; M. C. M. Cheung & H. Isobe 2014) and
the release of photospheric shear (e.g., E. N. Parker 1988;
Z. Xue et al. 2018). The expansion of the eruptive field lines
associated with flux emergence directly reconnects with the
overlying coronal magnetic field (OCMF) and further leads to
magnetic reconnection. L. Li et al. (2016) observed a driven
magnetic reconnection between an erupting filament and its
nearby coronal loops, resulting in changes in the filament
connection. The erupting filament-associated field lines were
directly reconnected with the overlying coronal loops. The
expanding CME may also be reconnected with the nearby
active region (L. van Driel-Gesztelyi et al. 2014). In addition,
the misaligned internal magnetic field lines inside the
prominence reconnect spontaneously, producing nanoflares in
avalanche-like processes. There are no signs of external
perturbations responsible for the misaligned internal magnetic
field lines inside the prominence (P. Antolin et al. 2021).
Therefore, there is no time lag between the application of
perturbations and the initiation of inflow/outflow in sponta-
neous reconnection, which is an important signature of forced
magnetic reconnection, as suggested by theory and observa-
tions (e.g., R. Jain et al. 2005; G. Vekstein 2017; M. A. Potter
et al. 2019; A. K. Srivastava et al. 2019, 2021). An additional
step is involved in the forced reconnection process. External
perturbations (e.g., eruptions, wave activities, flux emergence,
displacement of photospheric footpoints, and coronal
dynamics) may act as external drivers to perturb or force the
surrounding or nearby magnetic field lines. The nearby field
lines may reconnect with the overlying or nearby oppositely
directed magnetic field. The external driver does not directly
reconnect with the overlying or nearby fields in a forced
magnetic reconnection. The difference between driven recon-
nection and forced reconnection was discussed in detail in a
previous study on forced reconnection initiated by prominence



THE ASTROPHYSICAL JOURNAL, 982:147 (19pp), 2025 April 1

(e.g., A. K. Srivastava et al. 2019, 2021). M. A. Potter et al.
(2019) applied recurring external perturbations with different
strengths and showed that, during forced reconnection, the
current sheet broke into multiple magnetic islands through the
tearing mode of instability. Recently, the SWAR is described in
the solar plasma where the waves and reconnection processes
show their livelihood in space and time, and their coexistence
and physical properties highly depend on each other
(A. K. Srivastava et al. 2024; S. Mondal et al. 2024b). During
this forced reconnection process, multiple magnetic islands are
formed. They propagate bidirectionally along an elongated
current sheet. Some magnetic islands merge with each other
and form larger islands to enhance the reconnection rate. We
would also like to highlight that such plasma blobs may also
form via Kelvin—Helmholtz (K-H) instability in different
magnetized structures, such as solar jets (X. Li et al. 2018;
R. Solanki et al. 2019; S. K. Mishra et al. 2021), prominences
(T. E. Berger et al. 2010; M. Ryutova et al. 2010; T. Berger
et al. 2017; A. Hillier & V. Polito 2018; H. Yang et al. 2018;
S. K. Mishra & A. K. Srivastava 2019), solar flares (W. Ruan
et al. 2018; W. Wang et al. 2017; Y. Wang et al. 2022), and
CMEs (L. Ofman & B. J. Thompson 2011; C. Foullon et al.
2011, 2013; U. V. Mostl et al. 2013; 1. Zhelyazkov et al. 2015),
etc. Multiple studies and simulations have explored the
simultaneous occurrence of K-H instabilities and reconnections
within various magnetized structures in the solar atmosphere.
In regions where velocity and magnetic shear are present, a
transformation occurs between the K-H unstable vortices and
resistive tearing mode (reconnected plasmoids) in a fan spine
topology, as demonstrated by P. F. Wyper & D. 1. Pontin
(2013) and S. K. Mishra et al. (2021). Recent high-resolution
observations also suggest the formation of plasma sheets via
reconnection and multiple blob ejections via either reconnec-
tion or K-H instability (A. Hillier & V. Polito 2021). Close
coupling of the tearing mode and K-H instability during
turbulent magnetic reconnection has also been observed in the
loop top of solar flares (Y. Wang et al. 2023). It was found that,
during the formation of the current sheet/elongated reconnec-
tion region, K-H instability may evolve and may be responsible
for the formation of larger structures (e.g., blobs or vortices) in
the presence of shear flows. Such details of the physical
processes have not yet been reported.

The present study elucidates about the formation of a thin
elongated reconnection region and multiple propagating plasma
blobs that may also likely associate with the onset of K-H
instability. The highly dense and moving plasma blobs are
detected in the thin elongated apparent current sheet formed
during ongoing reconnection in the prominence segment. All
these processes are observationally detected once the jetlike
plasma structures fall on the prominence segment. The
reconnection may start after the external coronal jetlike
structures fall on the prominence segment. An elongated
reconnection region-like field configuration formed at the outer
periphery of the prominence segment may be subject to
external disturbances to initiate reconnection. The prominence
segment may already have internal twisted fields that may be
pushed by external perturbations (as in the case of forced
reconnection) to locally initiate reconnection in a current
sheetlike structure. In addition, bidirectional flows in solar
prominence were seen in EUV coronal lines using Atmospheric
Imaging Assembly (AIA) data. The loop-like eruption contains
multiple collimated jetlike structures. These multiple recurring
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jetlike structures act as external perturbations, which disturb the
periphery of the prominence segment and initiate reconnection.
The reconnection region and associated current sheet were
fragmented into magnetic island chains, releasing their stored
energy. Section 2 discusses SDO/AIA and STEREO/EUVI
observations. Section 3 describes observational results of
initiating magnetic reconnection by externally cooled jetlike
structures. The discussion and conclusions are presented in
Section 4.

2. Observational Data and Analysis

The AIA (J. R. Lemen et al. 2012) on board SDO
(W. D. Pesnell et al. 2012) consists of four telescopes, which
capture the images of the Sun in 10 different wave bands.
Seven out of the 10 filters are used for observing in the EUV
wave bands: 94, 131, 171, 193, 211, 304, and 335 A, covering
the regions from the upper chromosphere to the corona. The
AIA/EUV channels have a spatial resolution of 1.5, pixel
width of 0°6, and 12's temporal cadence. On 2017 December
16, AIA observed some part of a solar prominence located near
the 16° east limb (Figure 1). We use multichannels of SDO/
AIA data to understand the prominence dynamics, nearby
jetlike eruptions, their impact on the prominence, and thereby
formation and evolution of the reconnection region (Figures 1—
4). The full prominence and its elongated channel appear in the
STEREO-A/EUVI field of view (FOV; J.-P. Wuelser et al.
2004). However, in SDO/AIA FOV, some part of the
prominence is only visible, where reconnection is evident.

To understand the thermal structuring in and around the
reconnection region, we perform differential emission measure
(DEM) analyses using the method of M. C. M. Cheung et al.
(2015). We have chosen the temperature between log T(K)
=5.0-7.5 with 25 temperature bins at log 7(K) = 0.1 intervals
to deduce the DEM. The DEM map is plotted over a
temperature range of 5.5 <log7<7.2 to understand the
thermal behavior of the prominence, bidirectional flows in
the form of magnetic islands due to the reconnection, and
associated elongated reconnection region (Figure 5, left panel).
We find that multithermal plasma evolves during the
reconnection, and most of the cool and dense prominence
plasma has heated up to the coronal temperature; therefore, we
exclude optically thick AIA 304 A emission from the DEM
analysis.

3. Observational Results

On 2017 December 16, we observed a segment of quiescent
prominence appearing near the northeast limb. It is surrounded
by large-scale coronal loops (LSCL) and the associated
magnetic field lines (Figure 1). The remaining part of the
prominence lies beyond the visible part of the Sun and does not
appear in the AIA FOV. However, it is observed in the
STEREO/EUVI FOV (Figure 2). This prominence lies near the
active region AR 12692. Multiple collimated jetlike structures
appeared inside the loop-like emerging structure and started to
lift at ~05:40 UT from the nearby active region AR 12692
(Figure 1 and its Figures7 and 8 animations). Multiple
collimated jetlike structures frequently originate from the
active region starting at ~05:44UT inside the loop-like
emerging eruption and fall on the prominence obliquely
(Figure 1, top row of panel (b); Figure 1 animation). However,
in this study, we did not aim to understand the dynamic
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Figure 1. The SDO/AIA 1714304 A composite image depicts a reconnection around 06:02 UT inside a prominence segment on 2017 December 16 (panel (a)). The
region of interest (ROI) within the cyan dashed line box is shown in zoomed images of panel (b). This image sequence (panel (b)) displays a prominence segment,
evolution of the reconnection region after the continuous bombardment of the multiple jetlike structures (J1, J2, J3) that may influence the boundary of the prominence
segment and cause bidirectional plasma outflows inside the prominence. An overlying flux rope is also evident in this observed portion of the off-limb corona. The
animation (171+304) A of the SDO /AIA composite images displays the onset of magnetic reconnection in the prominence segment triggered externally by the jetlike
eruptions and subsequent bidirectional flows evident as moving plasma blobs within the apparent current sheet therein. It runs from 05:30 to 06:40 UT. The black
curvilinear path shows the disjoint plasma flow along the prominence body after the reconfiguration of the magnetic field takes place. The real-time duration of the

animation is 22 s.
(An animation of this figure is available in the online article.)

behavior of the active region, triggering of the jetlike
structures, and their eruptions. Instead, we focus on the
dynamics of the later phase when these jetlike structures
obliquely push the prominence segment, mimicking the
inflowing plasma structures pressing the outer periphery of
the prominence—corona interface in that segment. These jetlike
structures (J1, J2, and J3; Figure 1, top row of panel (b))
transport bright plasma onto the prominence segment. The
persistent motion of the plasma, manifested as coronal jetlike
structures, exerts an external influence on the magnetic
structures of prominences and potentially initiates magnetic
reconnection. It is important to realize that the prominence
segment and overlying magnetic flux rope may be situated in
such a manner that the field lines are either in opposite
directions or at some angles. The multiple jetlike collimated
structures serve as an external perturbation that pushes
inflowing plasma and causes the disruption of the region
between the two magnetic structures, namely, the prominence
segment and the overlaying flux-rope-associated field to initiate
some reconnection. A reconnection region developed at the
periphery of the prominence segment (Figure 1, middle row in
panel (b)). The prominence segment breaks owing to the
reconnection, the bidirectional outflow starts, and multiple
plasma blobs (akin of plasmoids/magnetic islands) propagate
along the elongated reconnection region. Finally, after the
reconnection, the prominence segment appears as a failed
eruption (Figure 1, lower row in panel (b); associated
animation). A flux rope structure seems to have existed above
this prominence. The eruption did not pass through the
overlying corona because of the overlying field. It should be
noted that the accumulated dense and hot plasma moves inside
the prominence segment body, similar to the bright blob

structures. However, the reconfiguration was initiated at
~06:00 UT. After the initiation of the reconnection, we were
able to observe the ejection of multiple bidirectional blobs
(Figure 1, middle row in panel (b); Figure 1 animation). As
reconnection proceeds, multiple plasma blobs most likely
resembling the plasmoids are ejected, and subsequently, the
apparent reconnection region (apparent current sheet) reconfi-
gures. One segment of the reconfigured magnetic field is
connected from the disk, while the most prominently associated
plasma flows along the curvilinear path (disjoint plasma flow,
black curvilinear path in the bottom row of panel (b) of
Figure 1, and its animation) in the main body of the
prominence, which is observed in the STEREO-A/EUVI data.

3.1. Tracking of Reconnection Region Using Tie-pointing
Method in Stereoscopic View

On 2017 December 16, the separation angle between SDO/
AITA and STEREO-A was ~123°. It should be noted that in the
active region, AR 12692, an extended prominence/filament
system appeared completely on the disk in the EUVI-A FOV.
To obtain a better understanding of the LSCL, reconnection
region, source region of loop-like eruptions (LLE), and OCMF,
we used the tie-pointing method to compare the three-
dimensional views from AIA and STEREO-A/EUVI
(Figure 2). These two spacecraft, SDO/AIA, and STEREO-
A/EUVI, provide two different views of this failed eruption
and the associated externally governed magnetic reconnection.
We selected one point in the SDO/AIA data (black + sign) and
obtained the projected epipolar plane from the STEREO-A/
EUVI data (Figure2). Using the scc_measure.pro routine
(available in Solarsoft), we obtain the line-of-sight ray, which
belongs to the SDO/AIA data, and its back-traced ray on the
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Figure 2. This figure shows the source region of a loop-like eruption (LLE), the large-scale coronal loops (LSCL), an overlying coronal magnetic field (OCMF)
configuration of the prominence segment, the reconnection region, and its associated dynamics in SDO/AIA 171 A and STEREO-A /EUVI 195 A. We use the tie-
pointing method to locate the LLE, reconnection region, and other magnetized structures in the projected plane of EUVI image data. We tracked the different parts of
the reconnection region (black + sign) in the AIA and EUVI field of view (FOVs) using the triangulation technique. We also track the possible source region of LLE
(left panel) and disjoint plasma flows (lower-right panel) after the completion of the reconnection process.

same epipolar plane provides its location in the STEREO-A/
EUVI data (Figure 2, right panel). The intersection of these two
lines lies on the same epipolar plane, and hence, it will provide
a possible three-dimensional view of the prominence segment,
reconnection region, and associated dynamics.

3.2. Stereoscopic View of the Reconnection Region

We used a series of STEREO-A/EUVI 195 A images to
observe the spatiotemporal evolution of the prominence
segment in the projected plane. The reconnection region,
lifting of jetlike structures, elongated prominence/filament,
associated channel, and prereconnection and postreconnection
scenarios are indicated by black arrows in the STEREO-A/
EUVI 195 FOV (Figure 3). We used a tie-pointing method
(B. Inhester 2006) to extract the possible location of the
extended apparent current sheet in the STEREO-A FOV. The
tracking method and its related details are mentioned in the
previous subsection. Initially, we tracked larger magnetized
structures such as LSCL and OCMF in the AIA FOV and
traced their location in the STEREO-A /EUVI FOV (Figure 2).
The prominence segment appears as a vertical structure
(therefore, we mostly see the top part of the prominence
segment) in the projected plane of the STEREO-A/EUVI
images (top panel of Figure 2). The source region of the loop-
like eruption (LLE) is located near the boundary of AR 12692.
This LLE contained multiple collimated bright structures
(defined as jetlike structures). These collimated jetlike
structures bombarded and fell on the one segment of the

prominence at different times (they best appear in the AIA
FOV, and their back-traced location is shown in the STEREO-
A/EUVI FOV; see Figure 3). Some parts of the LLE interact
with the vertical prominence segment (see the accumulation of
bright plasma in Figure 1, and associated animation), while the
rest of the plasma moves away in the main body of the
prominence/filament that appears best in the EUVI 195 A FOV
(see the black arrow in the left panel of Figure3 in EUVI
images). Using the tie-pointing method, we tracked the possible
path of LLE and its interaction with the prominence segment in
the projected plane (see Figure 2 left panel). The middle panel
of Figure 3 shows the initiation of the reconnection driven by
collimated jetlike structures in the projected plane. We
identified a possible reconnection region in the projected plane
(black box region; Figure 3). We tracked the top, middle, and
bottom parts of the elongated apparent current sheet in the ATA
FOV, and then traced its location in the STEREO-A/EUVI
FOV using the tie-pointing triangulation technique (black +
sign in the right panel of Figure 2). As reconnection initiates
and progresses, enhanced bright structures (representing the
possible reconnection region; right panel of Figure 3) become
visible in the running difference images of the EUVI 195 A
wave band in the projected plane. Following the disconnection
of the reconnection region, disjoint plasma flows are observed
within the STEREO-A/EUVI and AIA fields of view
(indicated by the black “+” sign with a red arrow in the
bottom-right panel of Figure 2 and the black arrow in the left
panel of Figure 3). In Section 3.3, we discuss the kinematical
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Figure 3. Left panels: the loop-like eruption (LLE), magnetic reconnection, and disjoint plasma flow in the STEREO-A /EUVI 195 A data on 2017 December 16 are
depicted in this picture, along with their temporal progression. In various panels, black colored arrows represent various magnetized structures, such as large-scale
coronal loops (LSCL), overlying coronal magnetic fields, prominence segments, reconnection regions, the active region AR 12692, source regions of LLE, and
disjoint plasma flow. Right panels: the likely forced reconnection region is visible on the disk in the zoomed-in view (black box region in the left panel) of the
STEREO-A/EUVI 195 A running difference pictures. After the breakup of the elongated reconnection region (~06:10 UT), we observe an enhancement in brightness
(during reconnection ~06:05 UT) and the initiation of disjoint plasma flow as the reconnection begins.

properties of the jetlike structures, including inflow and outflow
dynamics during and after the initiation of reconnection inside
the prominence segment.

3.3. Kinematical Properties

The loop-like emerging structure began to rise from the
nearby active region (top row in panel (b) of Figure 1 and
animation), containing multiple collimated bright structures.
These collimated bright structures, resembling jetlike struc-
tures, collectively acted as external drivers, forcing the
southward segment of the prominence-associated field lines
to initiate reconnection within the prominence segment. We
took three parallel slits (L1, L2, and L3) obliquely along the
lifting jetlike structures to track them at different heights and
times (panel (a) of Figure4). The right vertical column in
Figure 4 displays time-distance plots and projected velocities
toward the reconnection region of multiple jets covered by
three slits, namely, “L1,” “L2,” and “L3” (panels (al)—(a3) of
Figure 4). The slits used for generating the time-distance
diagram have a width of 11 pixels, with 5 pixels on each side of
the slit axis. The length of the slits extends to 50 pixels. The
slits were positioned obliquely across the jetlike structures, and
the estimated projected velocities ranged from =48 to
64 kms! (panels (al)—(a3) of Figure 4). Initially, these jetlike
structures lifted obliquely to fall on a part of the prominence,
and were responsible for accumulating bright plasma within it.
Some plasma downflows and the accumulation of bright
plasma also occur along these collimated plasma flows, which
are identified as jetlike structures. These downflows of the
plasma also track on the same artificial slits (L1, L2, and L3).
The estimated downflow velocity along the prominence is
41-52kms~" (panels (al)—(a2) of Figure 4).

Figure 5 shows the onset of the reconnection region and
associated plasma inflow dynamics. It occurs around
~05:58 UT owing to the forcing of plasma inward by the
jetlike structures associated with the field lines indicated by
black arrows (top row of panel (a) in Figure5), bright
accumulated plasma inside the prominence shown by the blue
arrow (top and middle rows of panel (a) in Figure 5), and the
overlying flux rope indicated by red arrows (top and middle
rows of panel (a) in Figure 5). It should be noted that the loop-
like eruption-associated perturbations (which contain jetlike
structures) act as an external driver to perturb the boundary
(prominence—corona interface) of the twisted prominence
segment and associated overlying flux rope fields in such a
way that some favorable reconnection conditions appear
locally. The collapse of these three magnetic field lines close
to the reconnection area led to the initiation of the reconnection
process (bottom row in panel (a) of Figure 5). We placed an
artificial slit S1 (having a width of 5 pixels and length of
25 pixels) to measure the inflow velocity in the reconnection
region associated with the inward motion of the jet-driven
magnetized plasma, which may push one boundary of the
prominence segment and associated twisted field lines
(indicated by the black arrow; middle row in panel (a) of
Figure 5) and overlying LSCL related to the magnetic field (red
arrow; middle row in panel (a) of Figure5). The inward
movement of these field lines along path S1 is initiated at
~05:58:40 UT with a velocity ~47-52kms~"' (top row in
panel (b) of Figure5) in the plane of the sky to trigger the
reconnection. We observed that the three magnetized plasma
chunks collapsed, initiating magnetic reconnection. Conse-
quently, we placed an artificial slit, labeled 'S2" (blue slit; panel
(a) of Figure5), along the accumulated, jetlike, structure-
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Figure 4. The intensity image of AIA 171 A (left panel) is used to derive the height-time diagram, to understand the kinematics of the lifting jetlike eruptions. Three
slits, “L1,” “L2,” and “L3,” are placed across the jetlike eruptions to track them at different heights. Multiple jetlike structures started to lift with a velocity of
~49-65km s~ (right panels). They impinge on the nearby prominence obliquely and act as an external perturbation and might trigger the forced magnetic
reconnection. Some plasma materials also fall along the length of prominence with a velocity of ~43-52 kms ™'

driven, bright, and dense plasma within the prominence
(indicated by the blue arrow in the left panel of Figure5), as
well as the overlying large-scale coronal field lines (red arrow
in Figure5). We extracted the projected inflow velocity of
36-49 km s~ starting at the same time ~05:58:40 UT (bottom
row in panel (b) of Figure 5). Magnetic reconnection is a three-
dimensional process; however, we use here two-dimensional
imaging data to extract the inflow velocity. In the present study,
the complex magnetic field structure and projection effect may
significantly affect the estimation of the inflow velocity. One
noticeable feature is the complex plasma motion during the
inflow or initiation of reconnection. The exact location of
the reconnection point is difficult to observe because of the
projection effect and spatial resolution limit of SDO/AIA
(1'5). The estimated inflow velocity was the highest in the
projected plane.

To investigate the kinematic properties and temporal
evolution of the intensities of the reconnection region and
estimate the bidirectional outflow velocity of the ejecting
plasmoids following the onset of forced magnetic reconnection,
we placed an artificial slit 'S’ with a width of 11 pixels and a
length of 120 pixels along the elongated reconnection region
(panel (a) of Figure 6). The temporal variations in the EUV
intensity light curves, derived from the blue box shown in
panel (a) of Figure 6, are plotted for seven different wave bands
(94, 131, 171, 193, 211, 304, and 335 10\). This analysis aims to
gain insight into the multithermal characteristics of the
observed reconnection region and associated plasmoids
ejection (panel (b) of Figure 8). It is important to acknowledge
that we plotted the normalized intensity (I/ly.) to analyze
and compare the multithermal characteristics of the plasma
within the reconnection area. The commencement time of the
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reconnection process is denoted by a vertical black line in panel
(b). It appears that, before the onset of reconnection, the
normalized intensity in the light curve derived from various
wave bands of the AIA remains relatively constant, except for a
single instance at ~05:44 UT (14 minutes; panel (b) of
Figure 8). The deposition of multithermal plasma via LLE
and collimated plasma structures (jetlike structures) is respon-
sible for the increase in the intensity of the light curve.
Following the aggregation of heated plasma, it initiates motion
along the prominence segment (see Figurel animation),
subsequently leading to a slight reduction in the intensity of
the light curve until 05:58 UT. As the reconnection proceeds,
the rapid enhancement of temperature /heating in the reconnec-
tion region can be indirectly understood by measuring the
intensity of different EUV filters of the AIA (panel (b) of
Figure 8). We found that the emissions in the cool and coronal
AlA filters 304 A (log7, =4.7), 171 A (log T,= 5.9), 131 A
(log T,=5.6, 7), 193 A (log T,=6.1), and 211 A (log
T, = 6.3) peaked between 06:05 UT-06:08 UT (in between 35
and 38 minutes in panel (b) of Figure 8). Simultaneously, the
intensities of the hot AIA filters 335 (log 7, = 6.4) and 94 (log
T.,=6.8) increased and peaked at approximately 06:12 UT
(42 minutes in panel (b) of Figure 8). This demonstrates a rapid
energy release in the reconnection region over ~12 minute
timescale (panel (b), Figure 8). The prominence segment
disappears as the cool and dense plasma material was heated
to the coronal temperature constituted by the hot plasma
(Figure 1 animation).

It should be noted that the dynamical processes begin in the
form of jetlike structures that fell on the prominence body with
a velocity of 44—58 km s ™' (panels '(al) — (a3) of Figure 5). A
time lag of =5 minutes appears between the external
jetlike drivers (05:44-05:54 UT) and the initiation of the

inflows (=05:58-06:00 UT). The reconnection was initiated at
~06:00 UT, as indicated by the black and green vertical dotted
lines (panel (c) of Figure 6). Panel (d) of Figure 8 shows a
zoomed-in view of the time-distance diagram from
05:59-06:13 UT to track the outflowing bidirectional magnetic
islands (green dotted vertical line in panel (c) of Figure 8).
After the onset of reconnection, multiple magnetic islands
form, which propagate bidirectionally with a range of velocities
between 91 and 178 kms ™' as estimated along slit “S” (panel
(d) of Figure 6). The velocity of the outflowing islands depends
on the density of the reconnection region and the local
magnetic field. Therefore, the estimated outflow velocity is
smaller owing to the projection effect and the denser
prominence plasma present in the reconnection region. The
fundamental concept of reconnection theory suggests that
the outflow speed of the ejecting plasma materials/jets is the
Alfvén velocity if the antiparallel field lines reconnect with
each other. The Alfvén velocity was ~1000kms~' at the
typical coronal conditions (M. J. Aschwanden 2004). This
shows that the estimated outflow speed in the present
observations (93-178 km sfl) was the transonic speed at the
coronal temperature (M. J. Aschwanden 2004). However, it
should be noted that, in the present study, reconnection was
initiated in cool and dense prominence plasma materials.
Therefore, the outflow velocity decreases. Some magnetic
islands merge and form a larger island while propagating along
the elongated reconnection region, as seen in the recent
simulation by S. Mondal et al. (2024b). The merging of
magnetic islands may be governed by the coalescence
instability (M. A. Potter et al. 2019; S. Mondal et al. 2024b).
As the island coalescence proceeds, a thin elongated reconnec-
tion region is formed, leading to faster reconnection and rapid
heating (Figure 6). M. A. Potter et al. (2019) applied multiple
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Figure 6. The bidirectional flows of the magnetic islands observed along slit “S” are shown in the bottom panels. The emissions recorded from the elongated
reconnection region (blue dotted box) in all EUV channels of AIA are shown in the top-right panel.

pulses with different strengths and found that multiple
magnetic islands formed that propagated along the elongated
reconnection region. Subsequently, these islands merged,
increasing the reconnection rate. These magnetic islands evolve
and propagate bidirectionally along an elongated reconnection
region, likewise in a similar way as seen in a recent numerical
simulation by S. Mondal et al. (2024b). Some magnetic islands
merge and form a larger island while propagating along the
elongated reconnection region. In this study, we estimated the
reconnection rate by considering the inflow and outflow ratios
(R = Yatow ) Tnitially, the magnetic islands propagated at a

lower Osgivéciw (91-103 kms™'). However, as the reconnection
proceeded, the estimated outflow velocity increased and decreased
(panel (d) in Figure 6; 91-129kms ', 98-137kms ', and
126-178kms ~'). The decrease in velocity may be related to
the merging of islands. The merged islands are larger and can
propagate at a lower velocity. Using the estimated values of
inflow (36-52kms ') and outflow velocities in the projected
plane, the estimated reconnection rate changes from 0.57 to 0.28,
0.53 to 0.26, and 0.41 to 0.20.

Therefore, the decrease in the outflow velocity after the
initiation of magnetic reconnection indicates that the reconnec-
tion rate increases. However, estimating inflow and outflow
velocities in a projected plane is complicated. Small changes in
the calculation of inflow and outflow velocities may signifi-
cantly change the estimated reconnection rate. In addition, as

the reconnection proceeded, multiple magnetic islands were
formed in the elongated reconnection region (Figure 7). These
islands formed in the middle of the apparent current sheet and
propagated bidirectionally with an Alfvénic velocity inside the
cool and dense prominence plasma, which is essentially a low
speed when we compare with the typical Alfvén speed in the
solar corona. In the present study, the reconnection occurs
within the cold, dense Prominence plasma, with a typical
plasma density of ~10''cm™ and a temperature range of
8000-50,000 K (D. H. Mackay et al. 2010). Based on the
findings of the aforementioned study, including the fact that
reconnection is initiated by external perturbations, there is a
time delay between the application of perturbations and the
generation of the plasma outflows. Also, the multiple magnetic
islands are formed, and the coalescence instability increases the
rate of the reconnection. All this collectively suggest that the
aforementioned reconnection scenario proceeds as per the
physical concepts of the forced reconnection.

Interestingly, the typical coronal Alfvén speed in the active
regions was >1000kms~', whereas our calculated speeds
were 91-178kms ™' from the outflowing plasma inside the
prominence. It is worth noting that, after the disappearance of
the cool prominence plasma, a significant amount of heating
occurred, as observed during the peak intensity enhancement in
the AIA 94 A channel (formed at 8 MK) at ~06:12 UT (panel
(b) in Figure 6). This suggests that a portion of the stored
magnetic energy is converted into the kinetic energy of the



(011

2017-12-16T06:06:33.347

300 log T=5.5-5.8""
d pLin e ns 3
280 s :
)
¢ 260 5
e L
S 240 3
> [
220 s
280
.«g 30
260
g = 29
x
& 240 28
7 £
220 , S, 0
200 { 8 - ' e AL 5% F -3 oY)
[=]
—1020-1000 -980 -960 -940 —82P0-1000 -980 -960 -940 —9ZWO-1000 -9B0 -960 -940 —92§' 26
X (orcsec) X {arcsec) X (arcsec) =
R =T ARSIy G =
i \ (b) - ;
1 | r 67 =
0.8 —{ T[4.0-8.0MK] =g r E E
B o B ) { N : < ; ;
| F\ N £ 66 =
= e 4 7] J £
0.6 T, — B £
2 g3 g
8 i L F 659 =
© E | C
13 ] 10 el | € E F
S 0.4 max[EM]=1.6*10* cm* K L © 3 C
z ] max[EM]=1.910% cm*:K' L2 E F
max[EM]=8.2"10% cm* K = 6.4 T
] 1 [ E F
g max[EM]=3.7*10 cm* K - ] E
0.2+ max[EMJx1.9*10” cm*|K L | C
il | L 6.3*; ;*
0.0 ““““‘\““““‘E“““‘“\““““‘\““““‘\““““‘ 6'27““““‘\““““‘\““““‘\““““‘\““‘““\““““‘7
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time in minutes (Started from 05:40 UT) Time in minutes (Started from 05:40 UT)
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(An animation of this figure is available in the online article.)
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outflowing plasma, while the remaining magnetic energy is
initially absorbed by the cool and dense prominence plasma
and subsequently led to the significant heating. Previous
research has also found similar results when magnetic
reconnection occurs in cool, partially ionized, and collision-
dominated plasma (i.e., in the photosphere, chromosphere, and
prominence). The released magnetic energy was consumed by
the surrounding cool and dense plasma (Y. E. Litvinenko 1999;
P.-F. Chen et al. 2001; Q. R. Chen & M. D. Ding 2006;
A. K. Srivastava et al. 2019, 2021). It is important to note that
the outflow velocity of the plasma strongly depends on the
surrounding environment and magnetic field structure. The
outflow velocity can be either transonic or subsonic depending
on the reconnection field within the prominence system
(A. Hillier & V. Polito 2021). Interestingly, previous reports
regarding the reconnection inside cool and dense prominence/
filament plasma suggest that the outflow speeds can be
transonic, subsonic, or Alfvénic, for example, 40—-170 km g1
(L. Li et al. 2016), 90-460 km s ! (Z. Xue et al. 2016),
70-90kms ™' (S. K. Mishra et al. 2020), and 5-35kms™"
(A. K. Srivastava et al. 2019, 2021), depending on the
reconnection field alignment in the prominence and surround-
ing cool material. P. F. Chen et al. (2004) reexamined the
inflow from the reconnection region and found that the
apparent motion in the EUV images was not the actual
inflow/outflow plasma motion. A detailed two-dimensional
MHD simulation was conducted by T. Yokoyama & K. Shibata
(1996) to evaluate various physical parameters associated with
X-ray jets initiated through magnetic reconnection. Their
findings indicated that the velocity of the magnetic islands/
plasmoids is 0.1 times the outflowing Alfvén velocity. In the
present study, the actual outflowing plasma motion might be
significantly high (Alfvén velocity); however, here, we observe
the apparent outflow plasma motion of the propagating
magnetic islands/plasmoids inside the elongated reconnection
region lying inside the cool and dense prominence segment.
Therefore, the actual outflow may propagate with Alfvén
velocity (10x extracted plasmoid velocity, i.e., ~1000 km s ).
Therefore, to extract the actual plasma dynamics inside the
reconnection region, a detailed spectroscopic analysis is
required to estimate the three-dimensional velocity field,
internal dynamics of the apparent current sheet, and associated
heating by these dynamical phenomena (J. Lin et al. 2005;
H. Hara et al. 2006; H. P. Warren et al. 2018; X. Yan et al.
2022; S. K. Mishra et al. 2023). Furthermore, magnetic
islands /plasmoids resulting from reconnection also exhibit an
enhancement in plasma density. The thermal properties,
temperature, and density diagnostics resulting from reconnec-
tion inside the prominence segment are discussed in the
upcoming Section 3.4.

3.4. Thermal Properties

To understand the thermal behavior and heating scenarios of
the jet-driven perturbations, prominence segment, reconnection
region, and associated dynamics, we performed a DEM
analysis using osix hot EUV filters of AIA (94, 131, 171, 193,
211, and 335 A). Initially, the overlying loops covered a cool
and dense prominence plasma (Figures 1, 9, 10; animations 1,
2, 3). Jetlike plasma structures lift at ~05:44 UT and impinge
on the prominence segment. They accumulated hot plasma
inside the prominence segment from 05:44-05:54 UT
(Figures 1, 7; and Figure 7 animation). It should be noted that
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the accumulated bright plasma inside the prominence segment,
due to the jetlike structures, consists of dense and hot plasma
(Figures 7, 8, and their animations). Such external perturbations
disturb the boundary of preexisting prominence-associated
twisted fields and overlying magnetic flux-rope-associated field
lines in such a way that it starts a forced reconnection at
~06:00UT in the prominence segment. As reconnection
progresses, the multithermal magnetic islands are formed
inside the elongated reconnection region (Figure7 and its
animation). We also plotted the temporal evolution of the total
emission measure (hereafter EM; EM = fT Tax DEM(T)dT) and
oS (DEM; % logT;

T2 DEM; )
extracted from the reconnection sheet region (blue box region
in panel (a) of Figure 7). We distribute the entire temperature
bins in the range of 0.25-15 MK (panel (b) of Figure 7). We
find that the total EM starts to increase for the low-temperature
bins (0.25-4 MK) just before the initiation of reconnection
(vertical black dotted line; panel (b) of Figure 7). It peaked after
the initiation of reconnection, that is, ~06:04 UT. No signature
of reconnection occurred before the onset of forced reconnec-
tion, as indicated by the vertical black dotted line (panel (b) of
Figure 7). Interestingly, the temporal evolution of the total
emission (EM) for the hot temperature bins (7= 4—-15 MK) did
not significantly change (panel (c) of Figure 7) up to 06:08 UT
and then suddenly increased (please see the green and red
curves in panel (b) of Figure 7). The enhancement in the total
emission for the hot temperature bins confirms some heat
release during the reconnection and formation of the magnetic
islands.

However, it starts to increase significantly for the hot
temperature bins 7=4-8 MK and T=8-15MK at ~06:08 UT
(28 minutes in panel (b) of Figure 7). The total EM from the hot
temperature bins (7'=4-15MK; green and red line curves in
panel (b) of Figure7) increased more than 45-115 times after
forced reconnection, indicating a rapid energy release and
subsequent heating with a time lag of 8—12 minutes. Undoubtedly,
the reconnection initiated at 06:00 UT within the cool and dense
prominence plasma, resulting in the formation of an elongated
reconnection region between 06:00 and 06:07 UT. Subsequently,
the disjointedness of the reconnection region and the disappear-
ance of the prominence plasma occurred. After this event, we
observed the presence of heated plasma at the same location, with
an average temperature of ~6 MK (panel (c) of Figure 7). It is
important to note that most of the energy released after the
reconnection was likely consumed by the cool and dense plasma.
This energy release followed the merging of magnetic islands in
the top and bottom parts of the prominence, which was also
depicted by M. A. Potter et al. (2019), respectively. To further
confirm that the enhancement in temperature started after the
initiation of the reconnection, we plotted the temporal variation of
the EM-weighted temperature extracted from the same blue box
region in panel (a) of Figure9. We found that, initially
(t = 05:40UT), the extracted EM-weighted temperature was log
T=6.28. The extracted temperature slightly increases after
05:45UT and reaches up to the log T=6.40 (panel (c) of
Figure 7). This small enhancement in the EM-weighted temper-
ature may be associated with the oblique hits of the jetlike
structures and the accumulation of hot plasma in the prominence
segment during the same time interval. It should be noted that the
EM-weighted temperature started to suddenly increase at
approximately 06:04 UT (just after the reconnection; see the

the average EM-weighted temperature (T =
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Figure 8. Panels (al), (a2), (a3), and (a4) display the complete temperature map, and temperature maps masked above 3, 4, and 5 MK, respectively, as extracted from
the emission measure. The reconnection region, plasmoids, and associated dynamics appear in the hot temperature bins, confirming the formation of significant hot
plasma following the onset of forced magnetic reconnection. An animation showing the temporal evolution of the emission measure-derived temperature map is
available. This animation captures the overall dynamics, including the launch of loop-like eruptions containing multiple collimated jetlike structures, the accumulation
of hot plasma, the initiation of reconnection, the formation of hot plasmoids, and the emergence of significant hot plasma material within the prominence segment. The
events are shown between 05:40 UT and 06:39 UT, with a real-time duration of 12 s for the animation.

(An animation of this figure is available in the online article.)

vertical black line at 06:00 UT in panel (c) of Figure7) and
peaked at approximately 06:15 UT. During the peak time of the
EM-weighted temperature, its value reaches log 7 = 6.7, which
clearly shows a significant amount of heat release after the
initiation of forced magnetic reconnection with a time delay of
~ 12-15 minutes (panel (c) of Figure 7).

To investigate the heating processes within the prominence
segment and the disappearance of prominence plasma resulting
from jet-driven forced reconnection, we derived the temper-
ature map from the EM (Figure 8). The temperature map was
computed using the equation

7 (DEM; X T))

T(i) =
>’ DEM,;

, ey

where DEM; represents the DEM, and 7; denotes the
corresponding temperature. In panels '(al), '(a2), '(a3), and
'(a4) of Figure8, we present the temperature map and the
temperature maps masked above 3, 4, and 5 MK, respectively,
at +=06:06:09 UT. It is important to emphasize that three
masking conditions were applied to exclude cooler plasma with
temperatures below 3, 4, and 5 MK, effectively isolating and
highlighting regions of hot plasma (Figure 8 and its animation).
The temporal evolution of the dynamics is illustrated in the
Figure 8 animation. This animation captures the eruption of the
loop-like structure containing multiple collimated bright jetlike
features with hot plasma, the accumulation of hot plasma
within the prominence segment between 05:44UT and
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05:54 UT, the triggering of reconnection, the formation of
fragmented hot plasma blobs (plasmoids) within the elongated
forced reconnection region, the development of postreconnec-
tion loops, and the heating of prominence plasma. We would
like to highlight that the lifting loop-like eruption, containing
multiple collimated jetlike structures between 05:44 UT and
05:54 UT, contains significantly hot plasma, which is clearly
observable in the masked temperature map for temperatures
exceeding 5 MK (Figure 8 animation). These jets push the
prominence—corona boundary, accumulating hot plasma with
temperatures above 5 MK (refer to Figure 8§ animation). The
average temperature profile extracted from the EM (panel (c) of
Figure 7) shows a noticeable enhancement after 06:06 UT,
reaching a peak of ~6 MK at 06:12 UT. This observation
aligns well with the corresponding temperature map. Addi-
tionally, We observe a significant increase in plasma associated
with regions identified in the masked temperature map for
temperatures exceeding 5 MK (Figure 8 and its animation).
Recent high-resolution 2.5-dimensional MHD simulations have
investigated the energetics of coronal current sheets under the
influence of asymmetric external perturbations. These studies
have shown that, in the presence of resistivity, thermal
conduction, and radiative cooling, the fragmentation of the
current sheet leads to a reduction in the average magnetic
energy density, while the average kinetic energy density
increases (S. Mondal et al. 2025). Our observations align with
these findings, as we observed an increase in the velocities of
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Figure 9. We utilize an AIA 131 A image to illustrate the field of view of the forced magnetic region, fragmented magnetic islands, and the associated elongated
reconnection region (top-left panel) at 06:04:06 UT. The black box indicates the region of interest, which is displayed in the right vertical column at two distinct times:
06:03:06 UT and 06:04:06 UT. Two extracted subregions (marked by white boxes) are zoomed in and enhanced to highlight the reconnection region containing
multiple magnetic islands. The bottom-right panel presents the intensity profiles across and along the elongated reconnection region for various dotted colored slits:
yellow, orange, red, pink, magenta, blue, and brown slits are used to measure the width of the magnetic islands, while green and cyan slits are employed to estimate the
width of the potential current sheet. The solid black curve represents the averaged fitted profile used to determine the width of the plasmoids, while the solid green
curve indicates the width of the current sheet. The standard deviation is calculated and used as the error in extracting the widths of the current sheet and magnetic

islands.

the ejecting plasmoids (from 91 to 178 kms™'; panel (d) of
Figure 6) during the progression of fragmentation. Addition-
ally, we noted an enhancement in heating (thermal energy) as
the fragmentation proceeds, with a peak occurring after the
disjointment of the reconnection region (Figures 7, 8, and their
animations).

We measured the number density (np:@ ) within a

magnetic island propagating along the elongated reconnection
region (black box in panel (a) of Figure 8) by measuring the
total emission. Substituting EM =55 x 10°" ¢cm™ and
(d) = 3.9 Mm (where (d) is the depth that is equal to the width
of the selected region), the estimated number density is
n,=3.8 X 10" em ™, and the corresponding mass density
Pp=8.2 x 107" gcm . Taking the outflow velocity as Alfvén
velocity (Figure 6), the strength of the reconnecting field line is
VaJ4mp, ~ 29-56 G. We adopted this method to estimate the
thermal energy associated with a current sheet (L. Li et al.
2021). The thermal energy generated in the reconnection region
was transverse electric (hereafter TE) = % ny.kg.V.0T. Assum-
ing that the elongated reconnection region is a cylinder, we
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estimate TE = % n,.Kg. W(é)Z, respectively. L.(T> — T)). Here
n, is the number density of magnetic islands, V is the volume,
kg is Boltzmann’s constant, and 67 is the temperature increase
(Ty) of prominence plasma to hot temperature plasma (75) of
the reconnection region and magnetic islands. We estimated the
temporal variation of the average weighted temperature from
the reconnection region (blue box in panel (a) of Figure 7) to
observe the evolution of the temperature during and after the
reconnection. Before the onset of reconnection, the prominence
plasma lying at a cool temperature was visible in the AIA
304 A filter. The estimated average weighted temperature is
extracted from the box region before the initiation of
reconnection, that is, ~T; =1.9 x 10°K (at 05:40 panel (c)
of Figure 7). After the onset of reconnection, the elongated
reconnection region was heated to =~ 7,=6.0 X 10°K (at
06:15 UT; panel (c) of Figure 7). Putting n, = 3.8 x 10" em 2,
[=07-1Mm, L 28Mm, T7,=6.0 x 10°K, and
T,=19 x 10°K, the calculated thermal energy is
~5.4 x 10" erg. The thermal energy is sufficient to heat the
localized corona that contains the reconnection region. During
the eruption of the emerging loop from the nearby active

~
~
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region, which hosts the jetlike structures that interact with the
overlying loop arcade, cool prominence materials are hosted.
During this event, localized brightening appeared in the loop
arcades and prominence-associated plasma. The observed
brightening phenomena could potentially be linked to the
cumulative motion of the plasma and the interior dynamics of
the prominences. An alternative hypothesis has been proposed,
indicating that these brightenings may be associated with
nanoflares resembling nanojet activity, %)otentially releasing
energy on the order of approximately 10°*~10%° erg (P. Testa
et al. 2014; P. Antolin et al. 2021). Various magnetic structures
of the Sun have been documented to exhibit such phenomena.
Nevertheless, it is important to acknowledge that even minor
reconnection events on a tiny scale have not resulted in a
substantial release of the energy required for abrupt heating in
the solar prominence. Nevertheless, it is crucial to recognize
that a recent extensive investigation of identical observations
was conducted by P. Kumar et al. (2023), using data from
SDO, STEREO, and IRIS. The results of their study suggest an
alternative perspective. Researchers have determined that the
observed nanojets are plasmoids that are in motion within an
unsuccessful filament eruption.

We use AIA 131 A wave band to observe the appearance of
the reconnection region, which consists of the ejection of
multiple magnetic islands, a thin elongated current sheet, and
hot postreconnection loops (Figure9, panel (a)). After the
initiation of magnetic reconnection at ~06:00 UT, we show the
region of interest at t = 06:03:09 UT, after the proper
development of the reconnection region, and multiple magnetic
islands began to form within the thin, elongated plasma sheet/
apparent current sheet (Figure 9, panel (b)). The zoomed-in and
rebinned view of the reconnection region is obtained from the
white box region in panel (b) to observe the magnetic islands
and the thin elongated apparent current sheet (Figure 9, panel
(c)). We found that bidirectional hot plasma blobs (akin to
moving plasmoids) were ejected after the onset of the
reconnection. A fragile and diffuse apparent current sheet/
plasma sheet also appears in the zoomed FOV of the
reconnection region (Figure 9, panel (c)). Five slits were placed
over five different locations (orange, pink, and magenta for
plasmoids, and dotted cyan and green lines for apparent current
sheet) vertical to the reconnection region to estimate the width
of the magnetic islands and the associated apparent current
sheet (Figure9, panel (c)). We measured the variation in
intensity along the length of all the five slits and displayed in
panel '(e) of Figure9. A Gaussian distribution (five different
color curves) was used to estimate the width of the propagating
magnetic islands and elongated current sheet. The average
variation in intensity across these slits in the reconnection
region estimates the average width of the magnetic islands by
fitting a Gaussian distribution (solid black curve for magnetic
islands, and solid green curve for the apparent current sheet;
panel ‘(e) of Figure9). The full width at half-maximum
(FWHM) of this distribution is ~7 pixels (~3 Mm) for the
plasmoids/plasma blobs and =3 pixels (~1.3 Mm) for the thin
apparent current sheet (from green curve), which provides the
average width of the magnetic islands and apparent current
sheet respectively (panel '(e) of Figure9). We adopted a
similar process to estimate the width of the plasmoids/plasma
blobs at # = 06:04:09 UT by placing four additional slits (blue,
yellow, red, and brown) and extracting the intensity variation
along these slits (panels “(c)”, “(d)”; Figure 9). The vertical
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black lines on the two solid curves indicate the errors in
extracting the intensity variations along these slits, calculated
as the standard deviation of the distribution (panel '(e),
Figure 9). We would like to emphasize that the current sheet
cannot be resolved using the available AIA imaging channels.
In the present paper, we also did not make any claims regarding
the resolution of the current sheet and the associated internal
dynamics, so we refer to it as an elongated reconnection
region/apparent current sheet. It should be noted that the real
current sheet may lie inside the elongated bright plasma
structure /reconnection region. The propagation of bidirectional
plasma magnetic islands, also known as plasmoids or plasma
blobs, can be observed in all AIA channels. In conclusion, the
AIA observable is the moving plasma blobs; however,
physically, they should be associated with the moving
plasmoids/magnetic island formed due to the thinning and
fragmentation of the reconnecting current sheet (S. Mondal
et al. 2024a).

Figure 10 shows multiple snapshots of the reconnection
region in sequence between 06:00:33 UT (initiation of
reconnection and formation of magnetic islands) and
06:06:21 UT (just before breaking off the apparent current
sheet). The spatiotemporal evolution of the reconnection region
is as follows. First, reconnection occurs inside a segment of the
prominence initiated at ~06:00 UT. This led to the formation of
a thin elongated plasma sheet (apparent current sheet). Multiple
magnetic islands or plasmoids (observables are the moving
plasma blobs) were ejected bidirectionally from this elongated
plasma sheet. The white arrows in panel (a) of Figure 10
indicate multiple magnetic islands and their bidirectional
propagation during the reconnection. During this reconnection,
a chain of magnetic islands forms and is subjected to
coalescence instability, as suggested by M. A. Potter et al.
(2019). The formation of magnetic islands and their ejection
were very rapid, like the one recently simulated by S. Mondal
et al. (2024b). Here, we are not tracking each of them
individually as it is a difficult process. However, we observe
that, once the elongated apparent current sheet forms between
the two merging magnetic islands, the larger plasmoid ejects
with slower velocity as compared to the smaller magnetic
islands, which leads to a more rapid reconnection. M. A. Potter
et al. (2019) suggest that the enhancement in the reconnection
rate arises owing to coalescence instability. Coalescence
instability is an ideal instability that evolves because of an
increase in the imbalance of the Lorentz force (S. Mondal et al.
2024b). The merged magnetic islands propagate together as a
similar current attracts (M. A. Potter et al. 2019; S. Mondal
et al. 2024b). A similar scenario was observed in this study. We
found that three magnetic islands formed at ~06:00:33 UT
(white arrow in panel (a) of Figure 10). Two nearby plasmoids
merge and are ejected from the reconnection region between
06:00:33 and 06:01:33 UT. After ~06:01:45 UT, another island
formed, which further broke into two small islands and was
ejected in the opposite direction from the reconnection region
(Figure 10, panel (a)). These two ejected islands further merged
into the nearby previously ejected plasmoid in the top and
bottom parts of the plasma sheet/apparent current sheet
(middle rows in panel (a) of Figure 10). Similar physical
scenarios appeared at different spatiotemporal scales during the
latter phase of the study. The ejected magnetic islands from the
reconnection region merged within the top and bottom parts of
the plasma sheet, confirming the onset of coalescence
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Figure 10. Panel (a) shows a zoomed-in view to show the spatiotemporal evolution of the reconnection, propagation of multiple magnetic islands (indicated by white
arrows), and their merging as observed in AIA 171 A. Panel (b) shows the extracted Gaussian width of the moving plasma blobs inside the elongated reconnection
region from AIA 171 A wave band. Vertical black dotted lines are used to extract the separation between two consecutive moving plasma blobs inside the

reconnection region (panel (c)).

instability. However, we wish to clarify that this qualitative
description depends on the available spatial resolution of AIA
171 A. More high-resolution and high-cadence data are
required to resolve the fine-scale dynamics of individual
islands and their merging processes, as recently seen in the
numerical simulations (S. Mondal et al. 2024b). The projected
length of the current sheet was ~28 m before breaking the
current sheet (bottom row in panel (a) of Figure 10).

In this study, the estimated width of the apparent current
sheet is ~1.3 Mm (Figure 9, panel (e)), and the length of the
reconnection region/apparent current sheet is ~ 28 Mm prior
to disjointment (see panel (a) of Figure 10). The estimated
reconnection rate (i.e., the ratio of width and length of the
current sheet) was found to be 0.045, which is very similar to
the observed cases of apparent coronal current sheets (T. Ding
& J. Zhang 2024). The estimated Lundquist number is 495 if
we use this reconnection rate (0.045) to maintain the Sweet—
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Parker reconnection scaling law. However, it should be noted
that this is the lowest limit of this number just to keep the
reconnection going on, and the plasmoid phase may attain a
much larger Lundquist number. The denser prominence system
may also undergo intense radiative cooling, and some thermal
instability can launch the fragmentation and formation of
plasmoid-like blobs even at a much smaller Lundquist number
as evident here (S. Sen & R. Keppens 2022). A. Hillier &
V. Polito (2021) observed a bidirectional jet and the formation
of an apparent current sheet/plasma sheet inside the promi-
nence, and estimated that the Lundquist number is ~200. They
suggested that the lower value of the Lundquist number is
either related to the projection effect or a component of
magnetic reconnection that initiates the reconnection and
formation of an elongated plasma sheet inside a prominence.
In the present study, reconnection occurred within the cold,
dense prominence plasma, with a typical plasma density of
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~1.0 x 10" cm ™ and a temperature range of 8000—-50,000 K.
Oblique magnetic reconnection occurs between the eruptive
loop-like eruption and contains multiple jetlike structures
associated with field lines that hold the prominence segment.
Therefore, both causes, such as the projection effect and
components of the magnetic field reconnection, may play a
significant role in reducing the lower value of the Lundquist
number. After the reconnection, the plasma material was heated
to 6 MK. We would like to highlight that several observational
reports claim the formation of the current sheet in different
magnetized structures of the solar atmosphere (M. Ohyama &
K. Shibata 1998; S. Takasao et al. 2012; D. B. Seaton et al.
2017; A. K. Srivastava et al. 2019; S. K. Mishra et al. 2020;
A. Hillier & V. Polito 2021; S. Mondal et al. 2023, 2024a). In
the forthcoming Section 3.5, we discuss the existence of
plasma blob-like structures formed due to the possible
coexistence of reconnection and K-H instability.

3.5. Existence of Plasma Blob-like Structures

Note that the reconnection region (apparent current sheet)
contained multiple plasmoids (plasma blobs) before the
disjoint. The other possibility of the formation of plasma blobs
inside the elongated plasma sheet and the enhancement in the
plasma densities are related to the K-H/Rayleigh-Taylor (RT)
instability. Several observational studies have suggested that
plasma blob formation and density enhancement are related to
the onset of RT and/or K-H instability in the prominence
structure (T. E. Berger et al. 2010; M. Ryutova et al. 2010;
T. Berger et al. 2011; A. Hillier 2018; A. Hillier &
V. Polito 2018; S. K. Mishra & A. K. Srivastava 2019;
S. K. Mishra et al. 2021) as well as in the solar corona and
eruption of the jets (L. Ofman & B. J. Thompson 2011;
T. V. Zaqarashvili et al. 2015; V. V. Mishin & V. M. Tomo-
zov 2016; X. Li et al. 2018; H. Yang et al. 2018; R. Solanki
et al. 2019; S. K. Mishra et al. 2021). The zoomed-in view of
the plasma sheet (reconnection region) has been displayed in
panel (c) of Figure 10. Before disjoining the plasma sheet, we
measured the separation between two consecutive plasma blobs
(Figure 10, panel (c)). We used the cursor command available
in Solarsoft to extract the separation between two consecutive
blobs. We measured the separation between the tip-to-tip, mid-
to-mid, and bottom-to-bottom parts of the blobs. The average
of these separations provides the actual separation between two
consecutive plasma blobs before the disjointment of the
reconnection region. The average separation was between 2.1
and 8 Mm (Figure 10, panel (c)). We also placed four slits (red,
cyan, black, and green in panel (a) of Figure 10) to extract the
width of the plasma blobs. The variation in the intensity of the
AIA 171 A wave band shows a Gaussian profile. The FWHM
of these Gaussian profiles provides the width of the plasma
blobs. The extracted width of the plasma blobs was 7-9 pixels
(3—4 Mm; panel (b) of Figure 10).

The classical criteria for the onset of K-H instability is that
the shearing velocity must exceed the Alfvén velocity in the
other layer, or the aspect ratio (width and characteristic
wavelength of K-H instability) must be greater than 3.5
(E. R. Priest 1978; P. G. Drazin & W. H. Reid 1981; A. Hillier
& V. Polito 2018). To investigate the aspect ratio, we have
included two panels, (b) and (c), in Figure 10. The wavelength
of the K-H unstable mode, which is the separation between two
consecutive plasma blobs, was found to be between 2.1 and
8.0 Mm before the disconnection of the reconnection region
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(Figure 10, panel (c)). We also estimated the width of these
plasma blobs using the FWHM of the AIA 171 A intensity
across the red, cyan, green, and black slits (Figure 10, panel
(b)). The estimated width was found to be between approxi-
mately 9 and 11 pixels equivalent to 3.9-4.8 Mm. The
estimated aspect ratio lies between 0.5 and 2.1, which does
not meet the classical criterion for the onset of K-H instability
because the aspect ratio must be greater than 3.5. Our findings,
as depicted above, suggest that coalescence instability may
occur as plasma blobs move bidirectionally and tend to merge.
This contradicts the fastest-growing mode criteria (A=
(2-4) x w x a) for the onset of the K-H instability (X. Li
et al. 2018; A. Hillier & V. Polito 2018; S. K. Mishra et al.
2021). Furthermore, K-H instability plays a significant role in
heating the localized plasma through the formation of K-H
unstable vortices and turbulence (D. Yuan et al. 2019). In this
study, we observed significant heating following the formation
of plasma sheets and blobs. The heating occurred approxi-
mately 10 minutes after the formation of an elongated plasma
sheet and plasma blobs (Figures9 and 10; Figures 7 and 8
animations). After the formation of plasma blobs, the average
temperature extracted from the box region inside the elongated
plasma sheet increased up to 6 MK or even higher as seen in
the derived temperature map (Figure8 animation). It is
important to note that this sudden heating cannot be attributed
to turbulence resulting from the K-H instability. The plasma
sheet was disjointed at 06:08 UT, after which the temperature
began to increase and peaked at 06:12 UT (Figure 8, panel (c);
Figures 7 and 8 animations). However, it should be noted that
we can resolve only larger plasma blobs (bigger than 1.1 Mm
similar to AIA spatial resolution), using AIA imaging
observations. We might have missed some small-scale blobs
that propagated inside the elongated plasma sheet/reconnection
region. Therefore, the actual estimation of the separation
between two plasma blobs and width estimations is difficult
using imaging observations. It should be noted that we
observed the relative motion of the prominence segment and
loop-like eruption. In this study, we did not detect any shearing
velocity or vortex formation leading to an overturning vortex.
However, the relative motion between the reconnection region
and surrounding prominence plasma may initiate K-H
instability inside elongated plasma sheets to form plasma
blobs. Similar scenarios have been discussed in previous
observations and simulations (P. F. Wyper & D. 1. Pontin 2013;
A. Hillier & V. Polito 2021; S. K. Mishra et al. 2021; Y. Wang
et al. 2023). Therefore, we cannot discard the possibility of the
bicommodity of K-H unstable blobs and reconnection-
generated plasmoids within the elongated reconnection region.
Hence, it is not likely that the K-H instability was the sole
cause of blob formation, as the criteria for this instability were
not met. Specifically, the absence of undulations or overturning
vortices, the fastest-growing mode, and sudden heating
persisted even after the disappearance of the plasma sheets
and plasma blob. However, we cannot discard the possibility of
the evolution of K-H instability inside the elongated reconnec-
tion region in the presence of the relative flow of ejected blobs
and surrounding cool prominence plasma. Therefore, we
conclude that the most plausible mechanism for the formation
of plasma blobs/magnetic islands and the subsequent heating
inside the prominence segment may be the externally forced
reconnection scenario; however, we can not rule out bicom-
modity of reconnection and K-H instability.
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4. Discussion and Conclusion

In this paper, we present the observation of a prominence
segment undergoing reconnection under the influence of
collimated jetlike structures continuously impinging on it. This
continuous thrust of plasma coming from external sources
disturbs the internal magnetic field of the prominence and
possibly misaligned various threads, and after a time lag of
5 minutes, the reconnection begins. The initiation of inflow and
the triggering of reconnection occur when jetlike collimated
structures disturb the boundary of the magnetic fields of the
prominence and the field lines of the overlying flux rope.
During magnetic reconnection, an elongated current sheet
evolves, and multiple magnetic islands here referred to as
moving plasma blobs in the observational baseline are ejected
along with the elongated reconnection region. Our novel
analyses of observations explain the magnetic reconnection
scenario caused by multiple jetlike eruptions acting as external
perturbations. Our further investigation of the reconnection
region reveals the formation of multiple magnetic islands inside
the elongated reconnection region with a characteristic size of a
few Mm scale. Notably, magnetic island/plasmoid formation
frequently occurs during fractional and plasmoid-induced
reconnection, where the current sheet splits into several
propagating plasmoids (K. Shibata et al. 1995; K. Shibata &
S. Tanuma 2001; K. Shibata & S. Takasao 2016; X. Yan et al.
2022; S. Mondal et al. 2024a). Similar types of multiple
plasmoid ejections have been reported for different magnetic
structures of the solar atmosphere (S. Takasao et al. 2012;
P. F. Wyper et al. 2018; P. Kumar et al. 2023). Moreover, the
initiation of eruption through magnetic reconnection was
investigated by employing three-dimensional simulations. This
examination was conducted by considering the instability
conditions and the configuration of the magnetic field. These
findings indicate that the commencement of an eruption via
magnetic reconnection is strongly influenced by the local
structure of the magnetic field within the solar atmosphere
(K. Kusano et al. 2004, 2012; S. Mondal et al. 2024a). In
addition, the formation of magnetic islands owing to forced
magnetic reconnection triggered by multiple external pulses
has been established in theory and numerical modeling for solar
and astrophysical plasmas (T. S. Hahm & R. M. Kulsrud 1985;
P. K. Browning et al. 2001; J. Birn et al. 2005; R. Jain et al.
2005; G. Vekstein 2017; M. A. Potter et al. 2019). However,
observationally, the formation of magnetic islands inside an
elongated current sheet within a forced reconnection region has
not been reported before (D. B. Jess et al. 2010; A. K. Srivast-
ava et al. 2019; H. Mészarosovda & P. Gomory 2020;
A. K. Srivastava et al. 2021). Our result shows that multiple
magnetic islands propagate and merge within each other in the
top and lower parts of the prominence, as suggested by
M. A. Potter et al. (2019) and S. Mondal et al. (2024b). They
also suggest that the distinguishing trait of forced reconnection
is the formation of magnetic islands inside the elongated
reconnection region that subsequently merges, increasing the
reconnection rate. A similar physical scenario was observed in
the present study. The estimated reconnection rate increases
periodically as the forced reconnection proceeds. The merger
of the islands leads to liberation of thermal energy
54 x ~10%7 erg) in the solar corona and is responsible for
the heating of the cool and dense plasma. L. Li et al. (2021)
estimated the thermal energy associated with current sheet and
filament eruptions. The estimated thermal energies from these
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two regions were ~10% erg (current sheet) and ~10**erg
(during filament eruption), respectively. The thermal energy
estimated using the present observation is of the same order as
that diagnosed by L. Li et al. (2021), which is significant for
heating the prominence plasma to the coronal temperature. We
have diagnosed the strength of reconnecting field lines to be
29-56 G. DEM analysis and the temporal evolution of EM also
suggest that significant heating occurs after the merging of
magnetic islands, releasing stored magnetic energy.

As noted in the present observation, external disturbances
may perturb the boundary of the magnetized plasma to initiate
the formation of the current sheet and the reconnection region.
Release of a large amount of magnetic energy following small-
energy external perturbations is a crucial feature of forced
magnetic reconnection (R. Jain et al. 2005). In the present
observations, the collimated jets may act as an external
perturbation to disturb the solar prominence—corona boundary
and initiate a forced reconnection. This paper also explains the
kinematics of the reconnection region, its energetics, and its
thermal structure. A substantial amount of thermal energy is
liberated during reconnection. The highly dynamic nature of
the solar atmosphere supports the initiation of the forced
magnetic reconnection, which may be a feasible candidate for
solar coronal heating (R. Jain et al. 2005; G. Vekstein 2017,
M. A. Potter et al. 2019). As the first observational evidence of
forced magnetic reconnection in the solar corona (A. K. Srivastava
et al. 2019), it has been suggested that the dynamic nature of the
solar atmosphere may possess such a reconnection scenario on
different spatiotemporal scales. There are few observations of
forced reconnections recently reported in the solar atmosphere
(D. B. Jess et al. 2010; A. K. Srivastava et al. 2019, 2021;
H. Meészarosovd & P. Gomory 2020). The observations of
reconnection presented and analyzed here demonstrate the fine
dynamics (magnetic island properties/plasmoids), energetics,
and heating scenarios caused by external perturbations on a
prominence magnetic field system due to multiple coronal jetlike
structures (similar to the case of forced reconnection), which are
ubiquitous.

The release of a large amount of magnetic energy after
accumulating small amounts of energy as external perturba-
tions is a crucial feature of forced magnetic reconnection
(R. Jain et al. 2005). A major question remains: Why is forced
reconnection not observed everywhere in a dynamic solar
atmosphere? One major limitation of observing forced
reconnection is the line of sight and orientation of the magnetic
field. Another issue is that forced reconnection occurs on a
small scale, with a rapid reconnection rate. Therefore, more
detailed observations are needed to explore forced reconnection
using existing and future high-resolution ground- and space-
based observations. Further observations are required for a
more detailed analysis of the forced reconnection region, its
heating mechanism, and its magnetic structure in the solar
atmosphere at different spatiotemporal scales using high-
resolution imaging and spectroscopic data of existing space
instruments (AIA, IRIS, Solar Orbiter, DKIST, etc.) as well as
upcoming space instruments such as SUIT and VELC/
ADITYA-L1. In addition, high-resolution observations using
new instruments at the SST and DKIST are useful for
understanding the onset of forced magnetic reconnection from
the lower solar atmosphere to the lower corona. Understanding
such exclusive physical processes of the “forced reconnection”
is highly required both in observations and modeling, as one
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step ahead of this concept the SWAR is conceptualized recently
(A. K. Srivastava et al. 2024), and its one example is seen in the
numerical modeling (S. Mondal et al. 2024b) in solar-like
plasma, and possibly in recent experiments at the laboratory
scales also (A. G. Frank & S. A. Savinov 2024).

We also discuss alternative possibilities for the formation of
plasma blobs and enhancement in plasma densities, which are
governed by the K-H/RT instability (P. F. Wyper &
D. I. Pontin 2013; L. Ni et al. 2017; X. Li et al. 2018; A. Hil-
lier & V. Polito 2021; S. K. Mishra et al. 2021; Y. Wang et al.
2022, 2023). However, we found that the formed plasma blobs
did not satisfy the fastest-growing mode criteria for the onset of
the K-H instability, and a sudden enhancement in the heating
after the appearance of the plasma sheet confirms that the only
K-H instability is not a likely physical mechanism for the
present observation. By applying the forced reconnection
model in the presence of multiple pulses and the formation of
multiple magnetic islands, bidirectional flows, and sudden
heating after the appearance of the plasma sheet, the
enhancement in density suggests that magnetic reconnection
is one of the plausible mechanisms to explain the formation of
the plasma blobs inside the elongated plasma sheet/current
sheet. Also during the formation of the elongated reconnection
region and propagation of multiple plasma blobs, a relative
velocity or shear flow may develop within the reconnection
region, which can initiate the K-H instability and may
contribute to the formation of bigger blobs/plasmoids (A. Hil-
lier & V. Polito 2021; Y. Wang et al. 2023). Therefore, we
conclude that both reconnection and K-H instability and their
coupled behavior are important to understand such dynamical
phenomena inside the elongated reconnection region. The
future detailed study can understand this possible coexistence
of reconnection region and K-H unstable plasma blobs using a
large cohort of high-resolution observations, and it should be
considered yet as an open problem.
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