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ABSTRACT

We investigate the formation and eruption of hot channels associated with the M6.5 class flare
(SOL2015-06-22T18:23) occurring in NOAA AR 12371 on 2015 June 22. Two flare precursors are
observed before the flare main phase. Observations in 94 A and 131 A by SDO/ATA have revealed
the early morphology of the _s a group of hot loops, which is termed as seed hot
channel. A few seed hot channels are formed above the polarity inversion line (PIL) and the formation
is associated with footpoint brightenings’ parallel motion along the PIL, which proceeds into the early
stage of the flare main phase. During this process, seed hot channels build up and rise slowly, being
accelerated at the peak of the second precursor. They merge in the process of
_ which then forms an “inverted 4" shape kinking structure. Before the flare peak,
the second kinking hot channel with negative crossing appears near the first kinking hot channel that
has erupted.
_ The footpoint brightenings’ propagation along the PIL indicate that the first kinking
hot channel may be formed due to zipper reconnection. The occurrence of merging between seed hot

channels observed by ALY i OSSO !

observed writhing motion of the first kinking hot channel may be driven by the Lorentz force.
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1. INTRODUCTION

Solar flares, prominence/filament eruptions and coronal mass ejections (CME) are the three most intense solar activi-
ties. The high-speed magnetized plasma contained in magnetic flux ropes (MFRs) released during these solar activities
may interact with the magnetosphere and ionosphere, and seriously affect the safety of human high-tech infrastruc-
tures. The MFR, a set of helical magnetic field lines wrapping around a common axis, is generally considered to be
the fundamental structure in the CME /flare dynamical process (Shibata et al. 1995; Zhang et al. 2012; Cheng & Ding
2016; Liu 2020).

The formation of MFR is still an ongoing debate (Patsourakos et al. 2020). Some studies believe that the MFR
is present before the eruption (Kopp & Pneuman 1976; Forbes & Priest 1995; Titov & Démoulin 1999). This pre-
existent MFR may be formed in the convection zone, but it is forced by magnetic buoyancy to emerge into the corona
(Rust & Kumar 1994; Fan & Gibson 2003; Fan 2009; Aulanier et al. 2012). Or it is formed due to the slow magnetic
reconnection between sheared arcades in the low corona (Green & Kliem 2009; Liu et al. 2010; Green et al. 2011;
Patsourakos et al. 2013), that is, the shear motion in the photosphere leads to the evolution of the potential field into
sheared magnetic field, and as the magnetic field shear increases, the sheared arcades reconnect and the MFR is formed
after multiple reconnections (van Ballegooijen & Martens 1989). Other studies suggest that the MFR is formed during
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the eruption process. In this case, only sheared arcades exist before eruption. During the eruption, an MFR is formed
due to magnetic reconnection between sheared arcades, which then continuously increases the magnetic flux of the
MFR (Antiochos et al. 1999; Moore et al. 2001; Karpen et al. 2012). Recent studies demonstrate that there may exist
a “hybrid” scenario, in which a seed MFR forms within the sheared arcades via tether-cutting reconnection before
eruption, and builds up via flare reconnection during the eruption (Gou et al. 2019; Liu 2020). Patsourakos et al.
(2020) also suggest the pre-eruptive configuration as a “hybrid” state consisting of both sheared arcades and MFRs,
with different configurations at different evolutionary stages.

According to whether the magnetic reconnection is involved or not, the triggering mechanism of MFR, eruption
can be divided into two types. One is magnetohydrodynamic (MHD) instability, including torus instability (TI,
Kliem & Torok 2006) and kink instability (KI, Fan & Gibson 2003, 2004; Torok et al. 2004). In addition, the double
arc instability (DAI) is considered to be able to drive the early stage of the eruption (Ishiguro & Kusano 2017;
Kusano et al. 2020). The other type is based on magnetic reconnection. Magnetic reconnections occurring above
and below the MFR, correspond to the break-out model (Antiochos et al. 1999; Lynch et al. 2008) and the tether-
cutting model (Moore et al. 2001; Jiang et al. 2021), respectively. The formation time of MFR is also different in these
mechanisms. In the MHD model, the MFR already exists before the eruption. In the tether-cutting model, the MFR
is formed prior to the slow rise phase and grows up in the acceleration phase (Moore et al. 2001). While the MFR is
not formed until the acceleration phase in the break-out model (Karpen et al. 2012; Cheng & Ding 2016).

There are many observational structures in the solar atmosphere related to MFRs, including the sig-
moids (Green & Kliem 2014), filaments and filament channels (van Ballegooijen et al. 1998; Mackay et al.
2010; Su & van Ballegooijen 2012), hot channels (Cheng et al. 2011; Zhang et al. 2012) and coronal cavities
(Low & Hundhausen 1995). As a new evidence of MFR observation, hot channels usually appear as EUV blobs
in the high temperature bands and as dark cavities in the low temperature bands (Cheng & Ding 2016; Cheng et al.
2017). The height evolution of the hot channel can be fitted with a function consisting of linear and exponential
components, which corresponds to the slow rise and the impulsive acceleration of the hot channel, respectively.

The hot channel shows a remarkable morphological evolution in the early stage of the eruption. It often appears as a
twisted and /or writhed sigmoidal structure, and then transforms into a semi-circular shape in the slow rise phase, after
which the impulsive accelerate begins (Zhang et al. 2012). Writhe is related to the rotation of erupting MFR, and the
mechanism governing this rotation has received extensive attention. When the KI occurs, the axis of the MFR rotates
rapidly, transforming part of the twist into writhe (Baty 2001; Torok et al. 2014). While recent MHD simulations find
that writhe can be transformed into twist along with the rotation of MFR, (Zhou et al. 2022). In addition, the external
sheared field can also contribute to the rotation of the MFR (Isenberg & Forbes 2007; Lynch et al. 2009). And the
rotations caused by these two mechanisms point in the same direction. The rotation by the external sheared field tends
to distribute across a larger height range, and if the sources of the external stabilizing field have a smaller distance
than the footpoints of the erupting flux, the external sheared field yields the major contribution to the rotation. The
rotation due to twist relaxation tends to work mainly in the low corona with a height range up to several times of
the distance between the footpoint of the MFR (Kliem et al. 2012). In addition, magnetic reconnection with the
surrounding magnetic field (Shiota et al. 2010), the straightening from the initial S-shape (T6rok et al. 2010), and
the asymmetric deflection of the rising flux during propagation through the overlying field can all contribute to the
rotation of the MFR (Yurchyshyn et al. 2009; Panasenco et al. 2011; Kliem et al. 2012).

The formation, eruption and rotation of the MFR are accompanied by the motion of footpoint brightenings, which
has been comprehensively studied in a few decades. Su et al. (2006) shows that the footpoint brightenings observed
by TRACE widely separate along the PIL in the initial stage, and then move away from the PIL gradually during
the impulsive phase. A statistical study of footpoint motion of 50 X and M class two-ribbon flares indicates that
both shear motion of conjugate footpoints and ribbon separation are common features in two-ribbon flares (Su et al.
2007). Following the eruption, post-flare loops and their footpoints propagate along the PIL are also observed, and
the separation of the flare ribbons perpendicular to the PIL occurs at the same time or immediately after that
(Tripathi et al. 2006; Li & Zhang 2009). In addition, hard X-ray (HXR) kernel motions parallel and perpendicular
to the PIL have also been reported in previous studies (Krucker et al. 2005; Liu et al. 2006; Yang et al. 2009). Qiu
(2009) terms the two distinct stages of the flare ribbons evolution as stages of “parallel elongation” and “perpendicular
expansion”, which can be well explained by the two stages of three-dimensional (3D) reconnection of the erupted flux
ropes (3D “zipper reconnection” and quasi-2D “main phase” reconnection) proposed by Priest & Longcope (2017).
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The M6.5 class flare occurred on 2015 June 22 in active region NOAA 12371 is a complex flare which contains many
physical processes including the tether-cutting reconnection, DAI and TT as suggested by Kang et al. (2019). It has
been the subject of numerous studies. Main progresses include the sudden flare-induced rotation of a sunspot and the
association with the back reaction of the flare-related restructuring of coronal magnetic field (Liu et al. 2016a), the
rotational motions of the photospheric magnetic flux and shear flows (Bi et al. 2017; Wang et al. 2018a), the evidence
of a large-scale, long-duration, slipping-type reconnection (Jing et al. 2017), flare-ribbon-related photospheric magnetic
field changes and the first evidence of the HXR coronal channel (Liu et al. 2018; Sahu et al. 2020). Wang et al. (2017)
studies the two precursors of this flare, and finds the low-atmospheric precursor emissions are closely related to the
onset of the main flare.

In our previous paper (Liu et al. 2022, hereafter Paper 1), we have studied the footpoint rotation and writhe of the
two hot channels in the M6.5 class flare on 2015 June 22. However, the formation mechanism of the hot channels and
their relationship with the two flare precursors are still unclear. The causes of the footpoint rotation and writhe of
the hot channels also need further investigation. Therefore, these questions will be addressed in this study. Data set
is introduced in Section 2. In Section 3, we present the observations results. We carry out magnetic topology analysis
in Section 4. We summarize major findings and discuss the results in Section 5.

2. DATA SET

The data used in this study are mainly from the Solar Dynamics Observatory (SDO, Pesnell et al. 2012). The Atmo-
spheric ITmaging Assembly (ATA, Lemen et al. 2012) onboard SDO can simultaneously provide full-disk observations
in EUV and UV passbands with temporal cadence of 12 and 24 seconds respectively, and the pixel size is 0.”6. AIA
observations in 131 A, 304 A, 1600 A are used to understand the hot channels, filaments, bright kernels and flare
ribbons in this region (O’'Dwyer et al. 2010). The magnetograms are provided by the Helioseismic Magnetic Imager
(HMI, Schou et al. 2012) aboard SDO with a spatial resolution of 0.”5/pixel, and a cadence of 45 seconds for line of
sight (LOS) magnetograms (hmi.M_45s series) and 720 seconds for vector magnetograms (hmi.sharp_cea_720s series).
During 16:25-22:50 UT on June 22, 2015, the 1.6-meter Goode Solar Telescope (GST, Cao et al. 2010) at the Big
Bear Solar Observatory (BBSO) took observations of the NOAA AR 12371 under excellent seeing conditions. The
Visible Imaging Spectrometer (VIS) observations in Hor (6563 A) line center with the time cadence of 28 seconds and
pixel size of 0.”03 are used to study the fine-scale structures at the chromosphere in unprecedented detail (Jing et al.
2016). The soft X-ray (SXR) emission of the flare has been recorded by GOES.

3. OBSERVATIONS
3.1. FEvent Overview

A C1.1 class flare occurs in AR 12371, which is a confined flare without CME (Awasthi et al. 2018), and the peak
time is 16:45 UT. Then two flare precursors are observed prior to the main phase of the M6.5 class eruptive flare
(Wang et al. 2017). The peak times of the two flare precursors (17:27 UT and 17:45 UT) are marked by the green and
blue vertical dashed lines in the GOES light curve shown in Figure 1(a). During the first precursor, seed hot channels
build up and rise slowly, being accelerated at the peak of the second precursor, as shown in Figures 1(b)-(d).

The observed height-time plot of the hot channel along the erupting direction (marked as black dash-dotted line in
Figure 1(d)) is fitted by an analytic approximation with the combination of linear (slow rise) and exponential (fast rise)
functions developed by Cheng et al. (2020), which is shown as the black dotted line in Figure 1(b). Because this active
region is close to the solar disk, the estimation of the heights, velocities, and accelerations of the hot channels may
be significantly influenced by the projection effect, but the characteristics of the temporal profile of the hot channels
are not affected (Cheng et al. 2020). The fitting results show that the onset time of impulsive acceleration phase is
17:45:21 UT (+1 m, marked by the red arrows in Figures 1(a)-(b)). A comparison of Figures 1(a) and 1(b) shows that
the onset of the impulsive acceleration of the seed hot channels is earlier than the flare onset (marked by the orange
arrows in Figures 1(a)-(b)). After that, the seed hot channels rise rapidly while the filaments in ATA 304 A and VIS
Ha images stay behind. After the flare onset, two hot channels form one after another (marked by the yellow arrows
in Figures 1(e)-(f)), and they both exhibit a kinking structure with negative crossing. The eruption of these two hot
channels produce two peaks (marked by the gray and magenta vertical dashed lines in Figure 1(a)) on the flare’s GOES
light curve. The morphological evolution and footpoint motion of these two hot channels are studied in Paper 1.

3.2. Formation and Buildup of the Seed Hot Channels



After a high-resolution investigation of the two flare precursors before the M6.5 class flare, Wang et al. (2017) has
concluded that the eruption of the main flare is resulted from the successive reconnection between the sheared loops.
In this study we focus on the relationship between the flare precursors and the hot channels. The morphological
evolution of the two successive episodes of precursors observed by AIA/SDO and VIS/GST is presented in Figures 2-3.
At the beginning of these two precursors, brightenings appear on the two sides of the PIL at around 17:24 UT (marked
by the green boxes in Figure 2(d)) and 17:42 UT (marked by the green boxes in Figure 3(d)) respectively. Starting
from 17:24 UT, a few hot loops are observed in 131 A by AIA (Figures 2(a)-(c)), which are the early morphology of
the hot channel, thus termed as seed hot channels. These seed hot channels are manifested as a group of brightened
branches in high-temperature passbands, and the magenta dashed lines in Figures 2(a)-(c) mark the outer edge of
them. As more and more hot branches brighten, the shape of the seed hot channels become clear. Two filaments can
be identified in the corresponding AIA 304 A images (pointed by the blue arrows in Figure 2(d)) and the VIS/GST
Ha line center images (Figures 2(g)-(i)), the field of view (FOV) of which is shown in the white box in Figure 2(d).
The shape and location of these two filaments remain unchanged during the first flare precursor.

A comparison of Figure 2 and Figure 3 shows that, the brightenings in ATA 131 A, 304 A, and VIS Ha images
(Figure 3) during the second flare precursor are brighter than those in the first precursor. At the second precursor,
the outer edge of the seed hot channels (marked by the magenta dashed lines in Figures 3(a)-(c)) becomes higher
and longer, and the two end points almost connect the two distant ends of the two filaments. As the surrounding
brightenings increase, the filaments cannot be clearly recognized in 304 A by AIA. As shown in the corresponding
Ha images in Figures 3(g)-(i), brightenings and motions of filament materials are identified and the filament becomes
wider, which is similar to the seed hot channels.

The seed hot channels appear during the first flare precursor, and becomes significantly larger after the second flare
precursor. Their footpoint brightenings are observed at both sides of the PIL during the precursors which is different
from the flare ribbons observed during the flare main phase. As we mentioned before, the outer edge of the seed hot
channels doesn’t change obviously during the first precursor, and the two footpoints only extend for about 2” (Figures
2(a)-(c)). Before the onset of the second precursor, the northern footpoints of the seed hot channels continue to move
northward for 2”, and the southern footpoints expand southward by about 38", then the seed hot channels are clearly
larger. The locations of the two footpoints hardly change during the second precursor, but the width of the seed hot
channels increases significantly. In other words, the observations indicate a buildup process of the seed hot channels
from the first precursor to the second precursor.

3.3. Propagation of the Footpoint Brightenings

In this subsection, we focus on the propagation direction of the brightenings during the two precursors and the flare
main phase. The bright kernels in AIA 1600 A are shown in Figure 4. At the onset of the first precursor, the bright
kernels first appear at the east side of the PIL, and they are tracked by the magenta dashed arrow in Figure 4(a), and
the bright kernels gradually move northward (see Figures 4(a)-(b)). Subsequently, a bright kernel appears on the west
side of the PIL, which also moves northward parallel to the PIL (see Figures 4(b)-(d)). At the west side of the PIL
another bright kernel appears at the south end and gradually extends southward, then evolves into a southward jet
(marked by orange arrows in Figures 4(b)-(d)), while the northward propagating bright kernels gradually disappear
at the end of the first flare precursor.

At the beginning of the second flare precursor, bright kernels reappear on both sides of the PIL and are more widely
distributed than those at the beginning of the first flare precursor (see Figure 4(e)). Immediately, these bright kernels
expand and spread toward the north (see Figure 4(f)). Next, the west bright ribbon almost stops moving while the
east bright ribbon splits into two parts (northern and southern parts, separated by the yellow dashed line in Figure
4(g)) that move northward and southward, respectively (see Figures 4(f)-(g)). And the southern part of the east bright
ribbon almost stops moving after two minutes. After the peak of the second flare precursor, the west bright ribbon
and the southern part of the east bright ribbon start converging along the PIL. The northern part of the east bright
ribbon keeps moving northward during this process (see Figures 4(f)-(h)). During the second flare precursor, there is
also a bright kernel at the southern end of the west bright ribbon, which gradually expands and then evolves into a
southward jet (marked by orange arrows in Figures 4(f)-(h)).

After the beginning of the flare main phase, the southern part of the east bright ribbon disappears, and the northern
part begins to strengthen significantly, forming a flare ribbon (labeled ‘ER’ in Figures 4(i)-(1)) and gradually moving
southward. Another flare ribbon (labeled ‘WR’ in Figures 4(i)-(1)) evolved from the west bright ribbon moves northward
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obviously. The subsequent southward jet from the western flare ribbon is more intense than those during the two flare
precursors (marked by orange arrow in Figure 4(j)). From about 17:56:40 UT, the anti-parallel motion of the two
flare ribbons begins to accompany the separation motion, which lasts about ten minutes. Then, with the appearance
of flare loops, the two flare ribbons only move away from each other in the direction perpendicular to the PIL (see
Figures 4(k)-(1)).

In general, the bright kernels on both sides of the PIL mainly show northward parallel motion during the first
precursor. The brightenings show prominent parallel motion toward the north and converging motion along the PIL
during the second precursor. During the flare main phase, the brightenings first display converging motion along the
PIL, and then expand with converging along the PIL, finally move perpendicular to the PIL.

3.4. Formation and Evolution of the Two Hot Channels

After the onset of the impulsive phase, the seed hot channels expand rapidly. The AIA images in 131 A show
that the seed hot channels consist of multiple branches, which can be seen more clearly from the running-difference
images (see Figure 5). Parallel flux tubes with the same twist can merge into a single flux tube near the point of
contact (Linton et al. 2001). At 17:55:32 UT, two seed hot channels marked by the orange and yellow arrows (labeled
‘SH1’, ‘SH2’) in Figure 5(a) are identified. These two seed hot channels are close together, but there is a clear gap
between them (see Figure 5(a) and its inset). With the expansion of the hot channel, SH1 and SH2 gradually intersect
(see Figures 5(b)-(c)), accompanied by the appearance of footpoint brightenings of the seed hot channels (marked
by the black boxes in Figure 5(f)), which suggest the occurrence of merge reconnection. In the process of impulsive
acceleration, the different branches of the seed hot channels continuously merge, and at 17:59:08 UT, a longer and
more twisted hot channel (i.e., the first kinking hot channel, labeled ‘KHC1’ in Figure 5(d)) forms, which subsequently
appears as a kinking structure (see Figure 5(d)). About three minutes later, the kinking structure disappears and
both footpoints of the first kinking hot channel display an apparent clockwise rotation during the unwrithing of this
hot channel, which has been studied in detail in Paper 1.

During the unwrithing of the first kinking hot channel (KHC1), another hot channel (KHC2) appears near the right
leg of KHC1 with a kinking structure (marked by the purple box in Figure 5(i)), which can only be barely distinguished
at this time due to the envelope of KHC1’s leg. By 18:20:20 UT, the footpoint rotation of KHC1 ends, the kinking
structure of KHC2 can be clearly observed, and obvious brightening can be seen at its right footpoint (see Figure
5(j)). Immediately, the left and right footpoints of KHC2 begin to move northward and westward, respectively. The
movement of the right footpoint is more obviously, and the KHC2 gradually unwrithes as the right footpoint slides to
the west (see Figures 5(j)-(k)). By 18:38:20 UT, the kinking structure almost disappears, and only the brightening at
the right footpoint can be seen (see Figure 5(1)).

4. MAGNETIC FIELD MODELING

To understand the 3D topology of the source regions of this events, we analyze the magnetic field characteristics of
this active region based on the nonlinear force-free field (NLFFF) extrapolations by Awasthi et al. (2018). The vector
magnetograms at different times are remapped at the original resolution by the Lambert (cylindrical equal area; CEA)
projection method. Then a “pre-processing” procedure is used to remove the net force and torque of the photospheric
field to best fit the force-free condition (Wiegelmann et al. 2006). Finally, these “preprocessed” magnetograms are
input into the NLFFF code proposed by Wiegelmann (2004) as boundary conditions, and the “weighted optimization”
method is applied to obtain the time series of the NLFFF models. The MFR can be identified through mapping
magnetic connectivities and computing the twist number (T,) for each individual field line (Liu et al. 2016b). Ty,
measures the number of turns of a field line winding, and it is calculated by integrating the local density of Ty,
V x B - B/4rB?, along each field line (Awasthi et al. 2018; Liu et al. 2018).

4.1. Twist Fvolution of the Flux Ropes in the NLFFF Extrapolations

Using the method proposed by Liu et al. (2016b), we calculate the distribution of twist number in this active region.
The photospheric vector magnetogram at 17:12 UT is presented in Figure 6(a). The cross sections of the T, maps
in the X-Z plane along the green line marked in Figure 6(a) are presented in Figures 6(c)-(i), in which the contour
with T, = —1.75 is outlined in magenta. At 17:10 UT, the absolute T, values in three regions exceed 1.75 (see Figure
6(d)). With the beginning of flare precursors, the area of these three regions increases, and the increase of the upper
(marked as ‘A’) and right (marked as ‘B’) regions are more obvious (see Figures 6(e)-(f)). At the later stage of the
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second flare precursor (Figure 6(g)), the left region becomes slender, the area of the upper and right regions increases.
Next, the upper and right regions gradually approach. At 18:10 UT, there is only one larger area with T, < —1.75 on
the left (see Figures 6(h)-(i)).

Based on the coronal magnetic field obtained by NLFFF extrapolation, we calculate the variation of mean and
maximum values of T, over time in the area where T,, is lower than —1.75 in Figures 6(d)-(i), and the calculation
results are shown in Figure 6(b). The calculated maximum and mean T, increase during the flare precursors (except
during 17:22 UT-17:34 UT), reach the maximum at 17:58 UT, and then begin to decline.

We trace the magnetic field lines passing through these regions with high 7T, at different times, and the results are
presented in Figure 7. A 3D view of selected magnetic field lines of the NLFFF at 17:34 UT is shown in Figure 7(a),
the T, map in the X-Z plane is also shown in this panel. Yellow, pink and cyan lines represent the flux ropes passing
through the strong T, regions on the left, upper and right sides. We select the central area of the active region (marked
by the white box in Figure 6(a)) to study the evolution of these twisted flux ropes. The flux ropes represented by
the same color are displayed with the same resolution at different times. From 17:22 UT to 17:58 UT, the projections
of pink and cyan flux ropes on the X-Y plane are getting closer and closer, while the yellow flux rope disappears at
17:58 UT. The shape and relative positions of the cyan and pink flux ropes at 17:22 UT and 17:58 UT are similar
to the seed hot channels H1 and H2 (marked by magenta arrows in Figures 7(b)-(c)) observed in ATA 131 A at the
corresponding time. The FOV of images in panels (d)-(h) is marked by the green boxes in panels (b) and (c). It can
be seen that the height and length of the extrapolated magnetic field lines are smaller than those of the observed hot
channels. This may be caused by uncertainties of the magnetic field measurements or over-smoothing of the vector
field by the extrapolation preprocessing. Because the flux ropes during the eruption process is under Lorentz force, it
is difficult to be well reproduced by NLFFF (Cheng & Ding 2016). At 18:10 UT, only one new twisted flux rope can
be identified (purple line in Figure 7(h)), and its X-Z cross section corresponds to the area surrounded by the magenta
contour in Figure 6(i). The right footpoint of this new flux rope is near the right footpoint of the disappeared pink
flux rope, but the left footpoint is far away from the left footpoint of the original flux rope.

In order to study the footpoint motion of these flux ropes during the flare, we select the area surrounded by the
orange box in Figure 7(d) to show the temporal evolution of the left footpoint of these flux ropes, and the results are
presented in Figure 8. To better show the evolution, only the twist distribution at the locations with T;, < —1 is
shown, and the twist values at other locations are set to zero. The magenta contours represent the T, at -1.75. The
footpoints of the cyan, yellow and pink flux ropes are filled with corresponding colors respectively. At 17:10:25 UT,
these three flux ropes are separated from each other (see Figure 8(a)). The footpoint areas (especially the cyan and
pink areas) increase significantly with the beginning of the first precursor (see Figure 8(b)), so they appear to close
to each other. At the end of the first precursor (see Figure 8(c)), the footpoints seem to separate from each other
again, which may be caused by the decrease of the yellow areas and the deformation of the pink areas. During the
second precursor, with the significantly increase of the cyan and pink areas (see Figure 8(d)), the three footpoints
gather together again. The yellow footpoint is surrounded by the pink footpoint at 17:46:25 UT. By 17:58:25 UT, the
yellow footpoint area disappears, the cyan and pink footpoint areas connect together. At 18:10:25 UT, the footpoints
of the original flux ropes disappear (see Figure 8(f)), and a flux bundle represented by the green lines (see Figure 7(f))
appears with the same left footpoint position as the original flux rope and smaller twist.

4.2. Torus Instability of the Extrapolated Flux ropes

As we mentioned before, the onset of the fast rise of the seed hot channels is earlier than the flare onset, which suggests
that the initiation of the impulsive acceleration of the seed hot channels is unlikely caused by flare reconnection. The
torus instability occurs when the inward tension force generated by the background magnetic field decreases faster
than the outward hoop force (Kliem & To6rok 2006; Fan & Gibson 2007). TI is quantified by the decay index n, which
is defined by n = — ?jll‘;f . Here, B denotes the background magnetic field strength and z denotes the height above the
solar surface (Cheng et al. 2013a). Previous studies suggest that the threshold value of decal index is lie in a range
of 1.1-2, and normally 1.5 for a toroidal flux rope (T6rok & Kliem 2005; Kliem & Térok 2006; Aulanier et al. 2010).
To investigate the initiation mechanism of the impulsive acceleration of the seed hot channels, we calculate the decay
index of the background magnetic field, the background field is obtained from the potential field model. Since the
vertical component does not contribute to the downward constraining force applied to the flux rope, only the horizontal
component of the coronal magnetic field is considered in the calculation of the decay index (Cheng et al. 2013b).
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The relationship between the position of the magnetic flux ropes and the distribution of decay index at different
times are shown in Figure 9. The blue, green and white contours represent the values of decay index at 1.1, 1.5 and
2, respectively. Panels (d) and (e) show two different 3D views at 17:46:25 UT, where the orange plane represents the
distribution of the decay index on the X-Y plane above the highest flux rope. It can be seen that the flux ropes are
very close to the contour of the decay index 1.5. From the positions of the top of the flux rope closest to the n = 1.5
contour at different times, we show the X-Z plane that cuts the X-Y plane at S1 (Figure 9(e)) for the time 17:46:25 UT
and 17:58:25 UT, and the X-Z plane at S2 for 18:10:25 UT. The distribution of the decay index of the three different
planes and the position of the flux ropes are shown in Figures 9(a)-(c). The highest pink flux ropes do not intersect
with the contour of n = 1.5 until 18:10:25 UT, so the extrapolation results suggest that the seed hot channels do not
reach the threshold of torus instability before the impulsive acceleration. Combined with the fact that the onset of the
seed hot channels acceleration starts earlier than the associated flare, the fast “flare reconnection” unlikely triggers
the hot channels acceleration (Cheng et al. 2020). In summary, the reconnection during the second flare precursor
perhaps contributes to the initiation of the hot channels impulsive rise.

4.3. Driving Mechanisms of the Observed Writhing Motion

When the twist of the MFR exceeds the critical value (approximately 3.5 7, i.e. 1.75 turn, but changes with different
aspect ratio of the loops involved), the kink instability will occur and part of the twist of the MFR will be transformed
into writhe (Baty 2001; Torok et al. 2014). In a data-constrained MHD simulation, Inoue et al. (2018) have found
that a series of small flux ropes reconnect with each other in the early stage of the eruption, forming a large and highly
twisted flux rope, which is similar to the first kinking hot channel in our event. Both hot channels in this event show
a writhing motion during the eruption. We calculate the photospheric magnetic flux of the area surrounded by the
green box in Figure 7(d), which is large enough to include the whole left footpoint area of the flux rope. The temporal
evolution of magnetic flux in the region with T,, < —1.0 and T, < —1.75, and the evolution of the ratio of magnetic
flux in the region with T;, < —1.75 to that in the region with T;, < —1.0 are shown in Figure 9(f). The results show
that the magnetic flux in the region with T,, < —1.75 increases rapidly after 17:34:25 UT, while the magnetic flux in
the region with T}, < —1.0 decreases after 17:34:25 UT. The ratio of the magnetic flux in the region with T, < —1.75 to
the magnetic flux in the region with 7,, < —1.0 increases obviously, but the proportion in the region with T;, < —1.75
does not exceed 30% both before and after the writhing motion of the flux rope. Therefore, KI may not be the main
driver of writhing motion of the first kinking hot channel in this event (Inoue et al. 2018).

Once the flux rope starts to rise up, it is out of its initial equilibrium, and the Lorentz force becomes non-zero and
can act on the MFR and rotate it (Isenberg & Forbes 2007). This can be reflected by the increase of the total current
in the cross section of the flux rope during its rising (Inoue et al. 2018). Figure 9(g) shows that the evolutions of
total current vertically crossing the footpoint of the MFR (marked by the green box in Figure 7(d)) in the region with
T, < —1.75 and T, < —1, which are similar to the evolution of magnetic flux. The total current in the region with
T < —1.75 begins to increase rapidly at 17:34 UT and decreases rapidly after the writhing motion of the hot channel.
This suggests that the Lorentz force might contribute to the writhing motion of MFR. In addition, during the rise of
the flux rope, the magnetic tension of the twisted magnetic fields will be released, and whether KI is triggered or not,
the release of magnetic tension can also contribute to the writhing of the flux rope axis (Kliem et al. 2012). Therefore,
the writhing motion of the first kinking hot channel may be driven by a combination of these two mechanisms.

5. SUMMARY AND DISCUSSIONS

We investigate the formation and eruption of hot channels during the M6.5 class flare occurring on 2015 June 22 using
both observations and NLFFF extrapolations. There are two precursors before the flare main phase. The seed hot
channels appear after the onset of the first precursor and grow gradually. During the second precursor, the footpoints’
position of the seed hot channels hardly changes, but the width of the seed hot channels increases significantly. After
the peak of the second precursor, the impulsive acceleration of the hot channels begins. In the process of acceleration,
merge reconnection between different seed hot channels likely occurs, forming a longer and more twisted flux rope.
The newly formed hot channel soon evolves into an obvious kinking structure. After the first kinking hot channel
disappears, the second hot channel appears with an existing kinking structure at an adjacent location. The eruption
of these two hot channels produce two peaks on the flare’s GOES light curve, which is similar to Wang et al. (2018b).
In this study we focus on the formation and writhing motion of the first hot channel, and those of the second hot
channel is unclear due to the strong background emission.



With the appearance and buildup of the hot channels, footpoint brightenings motion parallel to and perpendicular
to the PIL are observed by SDO/AIA. Priest & Longcope (2017) proposed that magnetic reconnection has two phases:
the 3D “zipper reconnection” between sheared arcades related to the elongation of the flare ribbons along the PIL,
and the quasi-2D “main phase reconnection” of unsheared fields around the flux rope related to the expansion of flare
ribbons away from the PIL. In the current event, the motion of brightenings along the PIL is observed during two
flare precursors and the beginning of the flare main phase, and the expansion of brightening perpendicular to the
PIL is observed after the onset of the flare main phase. During the first precursor of this event, the brightenings
on the two sides of the PIL mainly show parallel motion toward the north, which may correspond to the “simple
zippettes” reconnection between sheared arcades, and leads to the formation of flux ropes (Priest & Longcope 2017).
The brightenings on the two sides of the PIL mainly show parallel motion toward the north during the second precursor,
and this observation may be due to the occurrence of “helical zippettes” reconnection on the foundation of the flux
rope formed during the first precursor, which results in the further twist accumulation in the flux ropes. From the
late stage of the second flare precursor to the impulsive rise of the flare, the observed simultaneous southward and
northward converging motion of footpoint brightenings may correspond to the occurrence of “converging reconnection”
between the flux ropes formed during the two flare precursors. That is, these flux ropes reconnect into a new flux rope
which is much longer and has a much stronger twist (Priest & Longcope 2017). The converging reconnection is similar
to the “rr-fr” reconnection that involves two flux-rope field lines that reconnect in to another multi-turn flux-rope
field line and a flare loop proposed by Aulanier & Dudik (2019). In addition to the footpoint motion, the three jets
observed during the two flare precursors and flare main phase accompanying the footpoint motion also support the
occurrence of magnetic reconnection.

We have constructed a series of NLFFF extrapolations based on the single, isolated vector magnetograms observed
by SDO/HMI before and during the eruption. The extrapolations incorporate no information about the prior evolution
of the photospheric and coronal magnetic field (Cheung & DeRosa 2012). One important condition for using NLFFF
is that the magnetic field must evolve slowly compared to the Alfv’en crossing time (Savcheva et al. 2012). Therefore,
our NLFFF extrapolations can model the buildup phase of a flux rope before the eruption, but they fail in correctly
describing the intrinsic dynamic evolution of the magnetic configuration and plasma properties, since these magnetic
fields are independent of each other (Kliem et al. 2013; Jiang et al. 2014). Our NLFFF extrapolations show that the
mean and maximum values of Ty, in the region with T, < —1.75 increase significantly during both flare precursors
and main phases, and reach a maximum after the onset of the flare main phase. These results suggest the continuous
twist accumulation through difference phases, which is consistent with the increase of twist of the flux rope in the
envisaged zipper reconnection process. A series of NLFFF extrapolations show that two flux ropes with negative twist
gradually widen and hence approach each other and only one flux rope is identified after the eruption onset. In the
mean time, the ATA 131 Aobservations show that seed hot channels gradual approach and merge into a much longer
and more twisted hot channel, which is consistent with the theory that parallel flux tube with the same twist can
merge into a single flux tube (Linton et al. 2001). Thus both observations and extrapolations imply the occurrence of
zipper reconnection and merging between seed hot channels.

The impulsive acceleration of the hot channels begins after the peak of the second flare precursor, which suggests
that magnetic reconnection may contribute to the initiation of the impulsive acceleration of the hot channels. The
relative position between the selected flux rope filed lines and the decay index distribution on the X-Z section indicates
the height of flux rope does not reach the critical height of TT until about 20 minutes after the beginning of impulsive
acceleration. Therefore, the onset of impulsive acceleration of the hot channels is unlikely driven by TI, which is
consistent with the conclusion of Kang et al. (2019). Their study also suggests that the system is unstable against
the DAI caused by the additional upward Lorentz force on the bent of double-arc current loop, and it can happen
even if the system does not reach the critical of TI (Ishiguro & Kusano 2017; Kusano et al. 2020). However, our study
suggests that magnetic reconnection during the flare precursors may also play an important role in the onset of the
impulsive acceleration of the hot channels.

Our results can be summarized as follows: (1) The seed hot channels appear and build up during the two flare
precursors, and at these stages the footpoint motion parallel to the PIL suggests the occurrence of zipper reconnection.
(2) “Simple zippettes” reconnection during the first flare precursor leads to the formation of the seed hot channels
and contributes to the continuous buildup. “Helical zippettes” reconnection during the second flare precursor plays an
important role in the onset of the impulsive acceleration of the hot channels. (3) The merging between the seed hot
channels leads to the substantial twist buildup of the first kinking hot channel, which shows writhing motion during
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its fast rise. The increase of Lorentz force is identified associated with the writhing motion, which may be driven by
the combined effect of the Lorentz force induced by the external sheared field and the magnetic tension release of the
twisted field. (4) Unlikely driven by TI, the impulsive acceleration of the hot channels may be attributed to magnetic
reconnection during the second flare precursor.
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Figure 1. Soft X-ray light curve and evolution of the hot channel. (a) GOES soft X-ray light curve (1-8 A) between 17:00 and
19:00 UT on 2015 June 22. The middle image shows the time-distance diagram obtained from the stacking images in 131 A by
SDO/AIA at different times along the black dash dotted line in panel (d). The green and blue vertical dashed lines in panels
(a)-(b) indicate the peak times of the first precursor and the second precursor. The gray and magenta vertical dashed lines
mark the two peaks of the M6.5 class flare. The red and orange arrows in panels (a)-(b) point out the onset times of the seed
hot channels’ impulsive phase and the flare. The fit result for the time evolution of the height of hot channels is shown by the
black dotted line in panel (b), and the fit function is on the upper left corner of the image. (c)-(f) ATA 131 A images at the
peak times of the first flare precursor, the second flare precursor and the flare, respectively. The two yellow arrows in panels (e)
and (f) mark the two kinking hot channels. An animation of this figure is available. It covers 2 hours of observation beginning
at 17:00:08 UT on 2015 Jun 22. The video duration is 24 seconds.
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Figure 2. Morphological evolution at the first flare precursor. (a)-(i) Multi-wavelength images acquired by SDO/AIA 131 A and
304 A, BBSO/GST Ha center line. The magenta dashed lines in panels (a)-(c) draw the outer edge of the seed hot channels
during the first precursor. The yellow curve in panel (a) marks the main PIL of the active region. The white box in panel (d)
represents the FOV of panels (g)-(i), the blue arrows mark the two filaments observed in AIA 304 A, and the green dashed boxes
frame the brightenings that appear on both sides of the PIL. The white and black contours in panel (f) show the photospheric

positive and negative magnetic fields taken by SDO/HMI at 17:33:30 UT.
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Figure 3. Morphological evolution at the second flare precursor.
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(a)-(i) Multi-wavelength images acquired by SDO/AIA

131 A and 304 A, BBSO/GST Ha center line. The magenta dashed lines in panels (a)-(c) draw the outer edge of the seed hot
channels during the second precursor. The white box in panel (d) represents the FOV of panels (g)-(i). The green dashed boxes

frame the brightenings that appear on both sides of the PIL.
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Figure 4. The propagation of bright kernels during the flare precursors and flare main phase. (a)-(d) Propagation of bright
kernels during the first precursor. The magenta dotted arrows indicate the position of the brightening distribution at the
corresponding time. The yellow curve in panel (a) represents the PIL. The orange arrows in panels (b)-(d) represent the
brightening at the southern end of the west bright ribbon and the first jet evolved from it. (e)-(h) Propagation of bright kernels
during the second precursor. The magenta and blue dotted arrows indicate the position of the brightening distribution at the
corresponding time, where the magenta dotted arrows represent the brightening with northward motion, and the blue dotted
arrows represent the brightening with converging motion. The yellow dashed line in panel (f) represents the dividing line of
the northern and southern parts of the east bright ribbon, and the orange arrows in panels (f)-(h) represent the brightening at
the southern end of the west bright ribbon and the second jet evolved from it. (i)-(1) Propagation of bright kernels during the
flare main phase. The blue dotted arrows ER and WR in panels (i)-(1) represent the east and west flare ribbons, respectively.
The orange arrow in panel (j) indicates the third jet. An animation of this figure is available. It covers 2 hours of observing
beginning at 16:59:52 UT on 2015 Jun 22. The video duration is 24 seconds.
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Figure 5. Kinking evolution of hot channels. The first row shows the running difference images in the AIA 131 A during the
evolution of hot channels. Arrows SH1 (orange) and SH2 (yellow) represent two seed hot channels that merging. The insets
at the upper right corner of panels (a)-(c) are enlarged portion of the region framed by the magenta boxes in corresponding
panels, to better show the merge of the two seed hot channels. The white arrow KHC1 in panel (d) represents the first kinking
hot channel formed by merging. The second row presents the original images observed in AIA 131 A at the same time as those
at the first row. The black boxes in panel (f) mark footpoints brightening of the first kinking hot channel. The third row shows
the original images observed in AIA 131 A during the evolution of second kinking hot channel, the purple boxes in panels (1)-(1)
mark the kinking structure of this hot channel.
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Figure 6. (a) HMI photospheric vector magnetogram at 17:12 UT. The background map is the vertical component of the
magnetic field, the intensity of which is represented by the color bar on the right. The blue (positive) and red (negative)
arrows represent the horizontal magnetic fields, and the strength of which is represented by the length of the arrows. The white
rectangle represents the FOV of images at the second row of Figure 7. (b) Temporal evolution of the max (blue) and mean
(orange) Ty in the regions with T, < —1.75. (c)-(i) Tw distributions in the X-Z cross sections along the green line shown in
panel (a). The black dotted box in panel (c) frames the FOV of panels (d)-(i). The ranges of Z are 0" — 50" for panel (c) and
16".25—47".5 for panels (d)-(i). The labels ‘A’ and ‘B’ mark the upper and right regions with T3, < —1.75. The cyan, pink
and yellow “*’ symbols in panel (g) indicate the flux ropes of the same color code in Figure 7. The magenta contours in panels
(c)-(i) represent the Ty, of —1.75.
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Figure 7. (a) Magnetic field lines derived from the NLFFF at 17:34:25 UT in 3D perspectives, the cross section of X-Z plane
is the same as those in Figure 6(f). The cyan, pink and yellow field lines represent the flux ropes passing through the three
regions with T, < —1.75. The FOV of images in panels (d)-(h) is marked by the white box in Figure 6(a). (b)-(c) Images in
AIA 131 A at 17:22:32 UT and 17:55:23 UT, and the green boxes represent the FOV of images in panels (d)-(h), the magenta
arrows H1 and H2 represent the two observed hot channels. The yellow and red contours in panel (b) show the photospheric
positive and negative magnetic fields taken by SDO/HMI at 17:22:30 UT. (d)-(h) Magnetic field lines superimposed on an HMI
LOS images at 17:22:25 UT, 17:34:25 UT, 17:46:25 UT, 17:58:25 UT and 18:10:25 UT, respectively. The orange box in panel
(d) represents the FOV of images in Figure 8. The green and purple lines in panel (h) represent the newly formed flux bundles

and a new flux rope respectively.
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Figure 8. Evolution of Ty, distribution at the left footpoint of flux ropes. To better show the evolution, only the twist
distribution at the location of T\, < —1 are shown, the twist values at other locations are set to zero. The magenta contours
represent the T, at -1.75. The cyan, pink and yellow fills correspond to the footpoints of the original three flux ropes, respectively.
The arrow in panel (f) marks the footpoint of the newly appeared flux bundles.
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Figure 9. (a)-(c) Decay index distribution in X-Z planes at three different moments. The cyan, pink, yellow and purple lines
refer to the same field lines as those in Figure 7. The blue, green, white contours in panels (a)-(e) refer to the decay index at 1.1,
1.5 and 2, respectively. (d) NLFFF lines superimposed on an HMI LOS images at 17:46:25 UT in 3D perspectives, the orange
cross section in X-Y plane represents the distribution of decay index above the top of the flux ropes. (e) Top view of image in
panel (d), the arrow S1 marks the position of images in panels (a)-(b) and the arrow S2 marks the position of image in panel
(c). (f) The evolution of magnetic flux in the areas where Ty, < —1 (black) and Ti, < —1.75 (blue) in the region marked by the
green box in Figure 7(d), and the evolution of the magnetic flux ratio (magenta) in the areas with T\, < —1.75 and T3, < —1.
(g) The evolution of total current of the flux ropes satisfying T3, < —1.75 (blue) and T, < —1 (black) in the region marked by
the green box in Figure 7(d).
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