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ABSTRACT

Context. Erupting flux ropes play a crucial role in powering a wide range of solar transients, including flares, jets, and coronal mass
ejections. These events are driven by the release of stored magnetic energy, facilitated by the shear in complex magnetic topologies.
However, the mechanisms governing the formation and eruption of flux ropes, particularly the role of magnetic shear distribution in
coronal arcades, are not fully understood.

Aims. We investigate how the spatial distribution of magnetic shear along coronal arcades influences the formation and evolution of
eruptive flux ropes, with a focus on the evolution of mean shear during different phases of the eruption process.

Methods. We employed 2.5D resistive magnetohydrodynamic (MHD) simulations incorporating nonadiabatic effects of optically thin
radiative losses, magnetic field-aligned thermal conduction, and spatially varying background heating in order to realistically model
the coronal environment. A stratified solar atmosphere under gravity was initialized with a non-force-free field comprising sheared
arcades. We studied two different cases by varying the initial shear to analyze their resulting dynamics and the possibility of flux rope
formation and eruptions.

Results. Our results show that strong initial magnetic shear leads to spontaneous flux rope formation and eruption via magnetic
reconnection, driven by the Lorentz force. The persistence and distribution of shear along the arcades are crucial in determining
the formation and onset of flux rope instabilities. The shear distribution infers the non-potentiality distributed along arcades and
demonstrates its relevance in identifying sites prone to eruptive activity. We have explored the evolution of mean shear and the relative
strength between guide field and reconnection field during the pre- and post-eruption phases, with implications of bulk heating for the
“hot onset” phenomena in flares, and particle acceleration. In contrast, the weaker shear case does not lead to the formation of any
flux ropes.

Conclusions. The spatial distribution of magnetic shear and its evolution and mean shear play a decisive role in the dynamics of
flux rope formation and eruption. Our findings highlight the limitations of relying solely on footpoint shear and underscore the
need for coronal-scale diagnostics. These results are relevant for understanding eruptive onset conditions and can promote a better
interpretation of coronal observations from current and future missions.
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1. Introduction

Magnetic reconnection is widely accepted as one of the funda-
mental processes powering many solar transients, including solar
flares, jets, and coronal mass ejections. It involves the release of
stressed magnetic energy with conversion into heat and kinetic
energy, change of magnetic topology, and acceleration particles
from the reconnection sites. Key to most of these reconnection
driven transients are the mechanisms of energy buildup, storage,
and release, which are still poorly understood.

Complex magnetic topology plays an important role in trig-
gering these energetics. The magnetic energy buildup process
relies on the stressing and stretching of the magnetic loops
anchored at the photosphere. Due to the photospheric motions,
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the field lines develop shear in them. Basically, these motions
on the photosphere provide non-potentiality to the flux tubes,
which aid in storing the energy in the system. Important fac-
tors contributing to the non-potentiality are shearing in the loops
with respect to the polarity inversion line (PIL; Schmieder et al.
1996) and the magnetic complexity involved in the flux distribu-
tion, such as multi-polar sunspots having different positioning of
umbra and penumbra (Patty & Hagyard 1986; Antiochos 1998).

The seminal works by Hagyardetal. (1984),
Hagyard & Rabin (1986) showed the role of angular shear
in the regions hosting flares and provided a threshold of a
minimum of 80° of shearing angle for the flare-producing
regions. In their revised definition of shearing angle, Lu et al.
(1993) calculated the angle between the observed magnetic
field and its corresponding current-free field. They showed
the correlation of the high shearing angle to the flare onset
from the vector magnetograph measurements. In the work
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by Sivaraman et al. (1992), they highlighted the change in
shear angle as the deciding factor for the onset of a flare.
Qiuet al. (2023) have shown an intermediate angle of <40°
that is needed for particle acceleration from measurements of
the shear in post-reconnection flare loops. With the constant
change of boundary, if we consider photosphere per se, the non-
potentiality in the active region develops due to the change in
flux emergence (Shibata et al. 1992, 2007; Moreno-Insertis et al.
2008; MacTaggart et al. 2021) and/or cancellations (Chifor et al.
2008; Hong et al. 2011; Young & Muglach 2014; Panesar et al.
2016, 2018; Sterling et al. 2017; McGlasson et al. 2019), and
rotational motions of the sunspots (Magara 2009). How the
temporal evolutions of non-potentiality in the active region
due to bottom boundary changes affect the reconnection driven
transients or eruptions is still not clearly understood.

However, magnetic shear can persist in the solar corona even
after the cessation of photospheric motions that initially gen-
erated it, and allows the magnetic structures to maintain their
configuration over extended periods. Studies have shown that
active regions can retain significant magnetic helicity for a suffi-
ciently long duration (several months), indicating that shear can
remain long after the initial photospheric activity has subsided
(Démoulin & Pariat 2009). In addition, the magnetic structure in
the solar corona can undergo reconfiguration due to the trans-
fer of magnetic helicity, leading to the development of shear
in coronal loops (Yeates 2024). These scenarios illustrate that
magnetic shear in coronal arcades does not always necessitate
concurrent photospheric activity. The solar corona allows for
the persistence and evolution of shear through various mecha-
nisms, as stated above. The formation, stability, and evolution
of coronal flux ropes depend on the magnetic shear (and twist)
distributed along the arcades rather than the shear solely at their
footpoints. Although shear at the footpoints may appear strong
due to localized photospheric motions, it does not necessarily
contribute to flux rope formation into the overlying arcades.
The instabilities that develop in flux ropes, such as those arising
from magnetic reconnection (Cheng & Choe 2001; Cheng et al.
2003), torus instability (Kliem & Torok 2006), or kink instabil-
ity (Torok et al. 2004), are governed by the overall magnetic
configuration and not by the footpoint shear alone. In fact, the
spatial distribution of shear helps identify regions in the arcade
where the instability can occur, which is essential for predicting
eruptions.

The evolution of twist along the magnetic field lines at
the pre- and post flare stages is reported from the extrapolated
magnetic field lines for an active region (Inoue et al. 2011). In
Aulanier et al. (2012), the dispersion of shear angle along the
PIL as a function of the loop apex height for the post-flare loops
is reported in a magnetohydrodynamic (MHD) simulation. Also,
the study shows the evolution of the shear angle at a few selected
points on the loop for the pre- and post-flare stages. However,
this model is restricted for a zero-f case, and the study does not
give much attention to the shear distribution along the entire field
lines. Therefore, a deeper investigation of the shear distribution
along magnetic arcades in the formation of eruptive flux ropes as
well as the evolution of mean shear during the flux rope buildup
and post-eruption phases is warranted. To realize the impor-
tance of magnetic shear distribution, we defined mean shear as
the shear per unit length along a magnetic arcade, which is a
more relevant quantity than footpoint shear for representing the
overall non-potentiality and magnetic stress distributed through-
out the coronal structure. We used a series of 2.5D resistive
MHD simulations reported in Sen et al. (2024) (S24 hereafter)
by varying the initial shear of the arcades and using a nonadia-
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batic framework that incorporates optically thin radiative losses,
(field-aligned) thermal conduction, and steady spatially varying
background heating. Incorporation of the nonadiabatic terms in
our simulation makes it more realistic (than the adiabatic envi-
ronment) for the coronal medium. To replicate the coronal loop
structures, we employed a bipolar magnetic field configuration
consisting of sheared arcades that are non-force-free and embed-
ded within a stratified solar atmosphere under the influence of
gravity. The shear in the magnetic loops are associated with the
guide field component. For the simulation with a high shear case,
the system’s Lorentz force, present from the initial state, drives
a rapid evolution wherein flux ropes develop from the original
bipolar field lines and ascend continuously toward eruption. This
process is facilitated by spontaneous magnetic reconnections, a
common mechanism in such scenarios. We also comment on the
variability of the guide field component, which can be a deciding
factor in the efficiency of bulk heating and particle acceleration
during different phases of the eruptions.

This paper is organized as follows. Section 2 provides a brief
description of the model, its initial configuration, and the bound-
ary condition used. In Section 3, we present the results along
with a detailed analysis of the underlying physics. In Section 4,
we summarize the key findings, connect them with existing and
upcoming observations, and highlight the novelty of the work.
Finally, in the conclusion, we discuss the caveats of the model
and outline the potential directions for future improvements.

2. Model description

To investigate the role of magnetic shear in the formation of
eruptive flux ropes, we used a 2.5D resistive-MHD simulation as
reported in S24 using a MPI-parallelized adaptive mesh refine-
ment versatile advection code (MPI-AMRVAC)' (Keppens et al.
2012, 2021, 2023; Porth et al. 2014; Xia etal. 2018). A brief
details of the model setup is described in the following.

2.1. Initial condition

The simulation domain spanned a horizontal range of x =
0-27nMm and a vertical range of y = 0-25Mm. The choice
of the length scales in our model was motivated by the desire to
address the miniature coronal loops, which can have a length of
~1 Mm, as observed in Peter et al. (2013). To emulate the mag-
netic topology of sheared magnetic loops, the initial magnetic
field configuration of the system was specified as follows:

B, = By sin(kx(x — xo)) exp(—yky/0), ey
B, = By cos(kx(x — X)) exp(=yk«/0), @
B. = By tan(y) sin(k,(x — xo)) exp(=yk./0), 3

where By = 9G, o = 10 is a dimensionless parameter and &, =
2n/L, (Ly = 27 Mm is the horizontal span of the simulation
domain), which gives k, = I Mm™!. We used the initial shear
angle, y = 72.5°, and 25.8° for two different case studies in the
simulation while keeping all the other conditions the same. The
shear angle (or shear density) of the projected field lines at the
y = 0 plane with the +x axis is
B,

Y= arctan(Bx ) “4)

The plasma density in the vertical direction is strati-
fied according to hydrostatic equilibrium under gravity, where

' Open source at: http://amrvac.org/
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g = —g(y)ey and
2

9
"(Ro + )’
with go = 274 m s™? representing the gravitational accelera-
tion at the solar surface and R, = 695.7 Mm denoting the solar
radius. An isothermal atmosphere with temperature 7o = 1 MK
was assumed as the initial condition. This isothermal approxima-
tion is appropriate given that the vertical extent of the domain is
approximately 25 Mm. The corresponding initial density profile
is given by

gy) =g ©)

pi(y) = po exp[-y/H(y)] . (©)
RTo Ro +

where H(y) = 2L0%0 MY Genotes the density scale height,
Hgo Ro

determined using the gas constant R and the mean particle mass
u. To reflect the typical coronal conditions, the base density
was set to pg = 3.2 x 10715 gcm™. The model incorporates a
Spitzer-type thermal conduction, which is strictly field aligned,
with a conductivity given by k; = 1076, 752 ergem! s7' K.
Additionally, a steady background heating was included to pre-
cisely balance the initial optically thin radiative losses. We
refer to S24 for more details of the governing equations and
numerical schemes used in the simulations. We note that the
choice of the parameter, o, was set in such a way that it cor-
responds to a non-force-free field configuration at the initial
state (t = 0). This was done to avoid the computational time
needed to build an unstable magnetic configuration from the
initial mechanical equilibrium state and is similar to attempts
made with MHD simulations initiated with non-force-free field
setups, as reported by Kumar et al. (2016), Nayak et al. (2024)
and references therein. The system subsequently achieves a
semi-equilibrium state (mechanical and thermal) at around ¢t =
5.44 min, and it remains until #+ = 7 min, where the evolution of
the system is quasi-static in this time window compared to the
earlier phase of the evolution (S24). According to the definition
in Eq. (4), the shear angle, |y|, can vary between 0 and 90°. These
angles correspond to no shear (y = 0), when the magnetic loop
is perpendicular to the PIL, and to a maximum shear (}y| = 90°),
when the magnetic loop and PIL are parallel to each other. As
mentioned previously, we conducted simulations for two distinct
cases: y = 72.5° and 25.8° (while keeping all other parameters
the same). We refer to these cases as “simulation 1” and “simu-
lation 2”, and they represent significantly different shear condi-
tions, namely high shear and weak shear.

2.2. Boundary condition

Periodic boundary conditions were applied at the lateral bound-
aries. At the top and bottom boundaries, magnetic fields were
extrapolated using third-order and second-order zero-gradient
methods, respectively. We also used the divergence of B clean-
ing with a parabolic diffusion method in the whole domain
(Keppens et al. 2003, 2021). Pressure and density at the bot-
tom boundary were fixed to their corresponding local initial val-
ues. We copied the instantaneous temperature values of the top
edge cells to the corresponding ghost cells at the top boundary,
and then the density and pressure were specified based on the
hydrostatic assumption, as described in Zhao et al. (2017). The
velocity components at the bottom boundary were imposed anti-
symmetrically via mirror reflection to populate the ghost cells.
At the top boundary, a third-order extrapolation with a zero-
gradient condition was employed for all velocity components,
with the additional constraint of no inflow.

3. Results and analysis

For simulation 1, when the system reaches the semi-equilibrium
state at = 5.44 min, the guide field component (B;) confined
within the loops contributes to the magnetic shear. This leads
to the stretching of the upper part (y > 13Mm) of the cen-
tral arcade. Whereas, the lower part (12 Mm < y < 7Mm)
squeezes along the PIL that is present at x = 3.14 Mm at the bot-
tom boundary. The squeezing occurs due to the stretching of the
straddling (half-) arcades that are present at the side boundaries
(see Figs. 1a and 1b). We thus abandoned any attempt at describ-
ing the evolution of an “exact” isolated loop in particular, but
we address the generic behavior of a coronal loop that is sand-
wiched and interacting between two side arcades, as reported
in different local boxes (Mikic et al. 1988; Kumar et al. 2016;
Lu et al. 2024, and references therein) and global (Ding et al.
2006; Soenen et al. 2009, and references therein) models.

We show the spatial distribution of the magnetic field lines
projected in the xy plane (top row) and the absolute value of the
guide field component (bottom row) in Fig. 1 for three differ-
ent times: at the beginning of the semi-equilibrium phase (¢ =
5.44 min) and the two eruption phases respectively at ¢t = 7.51
and 12.59 min. The central part of the arcade leads to the for-
mation of a vertical current sheet (CS) when the field lines (B,
component with opposite polarity) come into close proximity to
each other near the PIL, as seen in other flux rope eruption mod-
els (e.g., Ruan et al. 2020; Zhang et al. 2021; Dahlin et al. 2022)
and inferred in the flare and coronal mass ejection observations
(Reva et al. 2016; Yan et al. 2018; Patel et al. 2020). Concur-
rently, to trace the development of CS, we show the spatial dis-
tribution of |J|/|B| as a proxy (where J is the electric current den-
sity) in the top row in Fig. 1. Here, eventual developments of the
CSs around x = 3.14 Mm can be seen by the dark gray regions
in the Figs. 1b and Ic.

After the semi-equilibrium phase at around ¢ = 7 min, the
field lines that are in proximity to the vertical CS region allow for
areconnection in a tether-cutting fashion (Antiochos et al. 1999;
Moore et al. 2001). The presence of the guide field in those CS
regions indicates a 2.5D reconnection (unlike a purely 2D recon-
nection); this was also reported in Sen & Moreno-Insertis (2025)
regarding plasmoid instability in a coronal CS. This process
adds a twist to the field lines above the reconnection point to
form a magnetic flux rope, and increases the magnetic tension of
the underlying loops. This process separates the flux rope from
the underlying arcades and leads to the first eruption at around
t = 7.51 min, shown in Fig. 1b. The flux rope holds the shear
flux trapped within it (Fig. 1e) and transports it through the flux
rope eruption. As a consequence of the reconnection, the post
reconnection loops shrink down, carrying the shear flux within
it, and contribute flux to the underlying arcades.

Afterward, due to the periodic condition at the horizontal
boundaries, a pair of (straddling) flux ropes are also formed at
t ~ 10 min at the side boundaries (shown in Figs. 1(c) and 1(d)
in S24). They erupt and leave the simulation box at # ~ 11.8 min
(see the animation associated with Fig. 1 in S24). During the
eruption of these (side) flux ropes, nearly horizontal magnetic
fields are created at the upper and the lower parts of these erupt-
ing ropes that have opposite and the same directions, respec-
tively, to the underlying central arcade. The interaction of these
side ropes with the remaining central arcade gradually leads to
the formation of another flux rope and leads to the second erup-
tion (from the central arcade region) at around r = 12.59 min
(shown in Fig. 1c), which occurs in a fashion similar to the
first eruption. The interaction of the lateral arcades can be seen
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Fig. 1. Top row: Spatial distribution of |J|/|B| (in arbitrary units in log scale) and the projected magnetic field lines (in red) in the x — y plane for
(a)t =5.44, (b) t = 7.51, and (c) 12.59 s obtained from simulation 1. The saturation level of the color bars were chosen for a better visualization
of the CS structures. Bottom row: Panels (d), (e), and (f) are same as the corresponding top panels but for the |B,| in logarithm scale, where the

saturation level of the color bars were chosen for better visualization.

from the high |J|/|B| regions in Figs. 1b and 1c. The study by
Cheng & Choe (2001) also demonstrated the similar fact that a
continuous increase of magnetic shear in the underlying arcades
can trigger the reconnection process and leads to the formation
of magnetic islands. After the second eruption phase, we did
not observe any more flux rope formation at the central arcade
region, as there is no sufficient shear in the underlying loops that
can lead to the process.

To appreciate the spatial orientation of the magnetic field
lines and the distribution of shear along the magnetic field lines,
we present the 3D views of the field lines in Fig. 2. The top and
bottom rows display the side and top views of the configura-
tions, respectively, at r = 5.44, 7.51 and 12.59 min. In Fig. 2(a),
the highly sheared segments of the central arcade, highlighted in
red, become squeezed toward the PIL at r = 7.51 min (Fig. 2(b)).
In Figs. 2(b) and (c), the portions of the field lines located
near the PIL that are marked in red are highly sheared mag-
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netic structures, and they are nearly parallel to the PIL. These
magnetic structures contribute to the formation of channels that
are capable of supporting filament materials, as reported in
Zhao et al. (2015), Knizhnik et al. (2015, 2017) and references
therein. These sheared portions of the field lines also play a role
in the development of vertical CSs, which form beneath the flux
ropes during the eruption phases at + = 7.51 and 12.59 min (see
Figs. 1b, and 1c¢). The corresponding top views at t = 5.44, 7.51,
and 12.59 min are shown in the bottom row, where the concen-
tration of highly sheared field lines near the PIL are evident.
Further, to qualitatively investigate the distribution of the
shear angle along the field lines, we traced the magnetic field
lines from selected footpoints at the bottom boundary and esti-
mated the shear angle along those field lines. This was done
by integrating the magnetic field line equation by a third-order
Runge-Kutta method from a footpoint until it reaches a bound-
ary of the simulation domain, where the integration terminates.
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Fig. 2. Variation of the shear angle along the magnetic field lines from the central arcade region for # = 5.44, 7.51, and 12.59 min (from left to right
columns) obtained from simulation 1. The different shear angles (in degrees) are shown in different colors. The top and bottom rows represent the
side and top views of the field line configurations. The 2D slices show the spatial variation of B, in the x — z plane at the base of the simulation
box, and values of B, are shown by the color bar common for all the panels. The orientation of the x, y, z axes are shown in red, green, and blue
arrows, respectively. For better visualization of the field lines, fewer field lines are shown in the bottom panels compared to the corresponding top

panels.

We also set a marker in the field line tracer routine to verify
whether the integration terminates at the bottom boundary after
tracing the field line from a given footpoint (i.e., the seed point
at the bottom boundary), indicating a closed loop. Conversely,
if the field line tracer terminates at any of the side or top bound-
aries, it is identified as an open loop. We present the selected field
lines, shown in red and blue, for # = 7.51 min and 12.52 min in
Figs. 3a and 3b, respectively, where the footpoints (or seed points
marked in red and blue circles) are located at the bottom bound-
ary (y = 0) at x = 1.61 and 2Mm, which we call “footpoint
1” (FP1) and “footpoint 2” (FP2), respectively. The motivation

for selecting these two footpoints is to trace field lines from the
central arcade region that reconnect during the first and second
eruption phases, respectively. We used a spatial coordinate, s,
which is defined as the distance between the specific footpoints
(namely, FP1 and FP2) and an arbitrary position at the corre-
sponding field lines.

The distribution of the shear angle along the field lines
anchored at FP1 and FP2 are shown in Fig. 3c for two instances
of time of the first and the second eruption phases. In the figure,
we have normalized the total length of the field lines to unity. We
note that the shear along the field lines is distributed in a quite
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Fig. 3. (a) Distribution of magnetic field lines (in gray) for the entire spatial domain of simulation 1 at # = 7.51 min. The red curve represents the
field line that is anchored at the seed point (footpoint) location (x, y) = (1.61,0) Mm (FP1), marked by the red circle. (b) Same as the top-left panel
but for # = 12.52 min. The blue field line is anchored at the seed point location (x, y) = (2,0) Mm (FP2). (¢) The red and the blue curves represent
the distribution of the shear, v, along the red and blue field lines as shown in the top-left and top-right panels, respectively. The vertical dashed
lines are the positions along the red field line marked by the gray dots (s, .., s4) at the top-left panel. (d) Distribution of y along the field lines
anchored at FP1 (red curve) and FP2 (blue curve) at the beginning of the semi-equilibrium phase at ¢ = 5.44 min.

inhomogeneous fashion and with a (nearly) left-right symmetry
from the apexes (i.e., at s = 0.5) of the respective loops for the
two eruption phases. To map the one-to-one correspondence of
shear at different locations along the field line for the first erup-
tion phase, we selected four locations, namely, s1, 52, 53, and sy4.
These locations are marked by gray dots in Fig. 3a.

We noticed a strong shear (=80°) at FP1 (at the location sy),
marked by the red circle in Fig. 3a. Along the field line from
S0, the shear falls sharply to ~30° at s; (s = 0.1) as a conse-
quence of predominance of the horizontal component over its
guide field. The magnetic field is in an approximately relaxed
state just before the flux rope formation, and it follows a nearly
magnetostatic equilibrium, and thus it follows as B,(A;) (where,
A, is the z-component of the magnetic vector potential associated
with B). The constant A, also defines the field lines projected
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in the x — y plane. This is also evident from Figs. 1b and le,
where the B, strength follows (nearly) the field lines. Therefore,
the distribution of the magnetic shear along the FP1 field line is
(mostly) governed by the B, component, as B, remains nearly
uniform along the field line. Hence, a smaller B, corresponds to
a higher shear, and a higher B, corresponds to a smaller shear
along that field line.

The shear reaches its maximum value (y = 90°) at s,
(s = 0.15), which is the upstream location of the CS, where
the field lines are not yet reconnected and mostly vertical when
projected in the x — y plane. We noticed a similar behavior at
s3 (s = 0.32), where the shear reaches its peak value, which
corresponds to the location of an incipient flux rope that is just
about to form. Finally, s4, which is located at the apex of the
incipient flux rope, shows a sufficiently strong shear of ~75°. We
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Fig. 4. (a) Temporal variation of the mean shear (¥) of the field lines anchored at FP1 (red curve) and FP2 (blue curve) for the simulation with
strong initial shear (simulation 1), which has multiple flux rope eruptions. The vertical dashed lines are the time markers at # = 7.51 and 12.52 min,
after which the reconnection occurs at those field lines. (b) Temporal variation of ¥ for the field lines anchored at different footpoints as shown in
the legend for the simulation with a weak initial shear (simulation 2), which do not experience the formation of any flux rope.
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repeated the calculation of estimating y for the second eruption
phase (f = 12.52min). In this case, we noticed that the shears
at the left and the right footpoints (x = 2, and 4.28 Mm, respec-
tively, at y = 0) are weak (y < 15°) but comprise a stronger
shear at the upper part of the loop, reaching a maximum value
of =90° at s = 0.32 and 0.68, which are marked as gray dots in
Fig. 3b. These gray dots are the parts of an incipient flux rope
for the second eruption phase.

The formation of the first flux rope occurs at a higher height
than the second one (see Figs. 1b and 1c¢). To investigate the rea-
son for this, we estimated the shear distribution at the beginning
of the semi-equilibrium phase (# = 5.44 min) along the field lines
connected to the same two footpoints, namely FP1 and FP2. For
convenience, we refer to the field lines as the FP1 field line and
the FP2 field line. From Fig. 3d, we noticed that the shear at FP1
and FP2 is the same (around 70°), and the FP2 field line has a
nearly uniform shear. On the other hand, the shear along the FP1
field line is much more inhomogeneous and has a stronger shear
at the upper part of the field line (0.15 < s < 0.85). Though
the shear was spatially uniform at the initial stage (t = 0), the

occurrence of reconnections before the beginning of the semi-
equilibrium stage (¢ < 5.44 min, not shown) induces the inhomo-
geneity in shear distribution at the FP1 field line at the beginning
of the semi-equilibrium phase. This higher shear at the upper
part of the FP1 field line facilitates the formation of a flux rope
at an earlier stage and at a higher height (y ~ 17 Mm) compared
to the formation of the flux rope from the FP2 field line.

Due to the strong inhomogeneity of shear that might appear
along the field lines (as mentioned earlier), we estimated the
mean shear along the field line (¥), which we refer as “mean
shear” for convenience. This was estimated by integrating the
shear angle along the field line and then dividing by the length
of the field line:

fyds

fds

We calculated the temporal variation of ¥ for the FP1 and
FP2 field lines and present the result in Fig. 4a. At the semi-
equilibrium phase, the mean shear of the FP1 field line is approx-
imately 80° and gradually decreases until # = 7.51 min. During
this period, the closed magnetic loop anchored to FP1 rises and
stretches, corresponding to the elongation of the loop (shown
by the red curve in Fig. 5). Overall, the loop becomes more
perpendicular to the PIL, which leads to the decrease of the
non-potentiality and hence the mean shear. The result is con-
sistent with the study by Qiu et al. (2017), where they reported
that the elongation of the loop, which was measured by the dis-
tance between the loop footpoints, reduces the shear during a
flare evolution. The mean shear angle reaches 73° at around
t = 7.51 minutes, as indicated by the vertical dashed gray line
in the Fig. 4a. Shortly afterward, an upper part of the loop recon-
nects to form a flux rope at ¢+ = 7.58 min, and the remaining
bottom part shrinks downward, forming an underlying arcade,
which we call a post-reconnection loop. The shear flux carried
by the flux rope is expelled upward during the eruption, result-
ing in a loss of free energy. We refer to Fig. 1 in S24 for the time
series of the free to potential-field energy ratio capturing the time
span of the first and second eruption phases, where one can see
how the ratio drops during those time periods.

Due to the reconnection, the length of the closed field line
(which is anchored at FP1) decreases from around 60 Mm at

5= ™
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denote the evolution for the strong (simulation 1) and weak (simulation
2) shear cases, respectively. The vertical dashed line marks the time
t = 12.52 min.

t = 7.51min to 10Mm at ¢t = 8.3min (red curve in Fig. 5).
As a consequence, there is a sharp drop in the mean shear of
the FP1 field line in the newly formed post-reconnection loop
beneath the erupting rope to approximately 55° at + = 8.3 min.
Meanwhile, the shear flux that is transported downward by the
shrinking field lines increases the magnetic flux of the underly-
ing loops. This enhances the non-potentiality of those underlying
arcades, and consequently, the mean shear gradually increases
between ¢ = 8.3 and 9.9 min (Fig. 4a). We did not extend the cal-
culation beyond this time, as the field line tracer traces a neigh-
boring (open) field line from FP1 shortly afterward that belongs
to a different loop family that extends outward (to the left) of the
central arcade.

We carried out the calculation for the field line that is
anchored to FP2, and we present the result in Fig. 4a. Here, we
noticed that the mean shear is around 72° and remains nearly
same from the start of the semi-equilibrium phase (¢ = 5.44 min)
until # = 10 min. In this phase, the loop length remains nearly
constant to 10Mm (blue curve in Fig. 5). The tiny variations
of the mean shear and loop length between ¢t ~ 11 and 12 min
are due to the flickering nature of the loop, which is caused by
the periodic boundary condition and the straddling half loops
at the sides. Shortly after + = 10 min, during the onset of the
second eruption phase, the loop length starts to increase, reach-
ing around 25Mm at ¢+ = 12.52min and lowering the non-
potentiality of the loop similar to the case of the FP1 field line,
as described above. Therefore, the mean shear drops to around
60° at that time. Right after # = 12.52 min, when a part of that
field line reconnects to form an erupting flux rope, we observed
a sharp drop of mean shear to ~25°, and the field line length
decreased to around 4 Mm. This length remains almost constant
until the end of the evolution.

The shear flux carried downward contributes to the flux in the
underlying loops in a manner similar to what occurs in the first
post-eruption phase, and we observed a gradual increment of the
mean shear (blue curve at the Fig. 4a). This value reaches ~48°
at t ~ 20 min. After this stage, there is no more significant shear
flux injected into the underlying loop, and therefore the mean
shear remains almost constant until the end of the evolution. The
amount of shear remaining at the central loops after this is not
sufficient to form flux ropes from the central arcade region.

We investigated the temporal variation of the mean shear for
simulation 2, which has a weaker (spatially uniform) shear (y =
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25.8°) than simulation 1 (y = 72.5°) at the initial time. To do so,
we traced the field lines of the central loop from different foot-
point locations of (x,y) = [(1.6,0),(1.8,0),(2,0),(2.2,0)] Mm
and estimated ¥ as described above. We noticed that the mean
shear angle of the field line from the footpoint location (1.6,
0)Mm is at a maximum, which is around 45°, and the angle
remained nearly constant between the same time span of the
evolution of simulation 1, as shown in Fig. 4b. However, we also
noticed that field lines that are anchored with the other footpoints
are closer to the PIL (at x = 3.14 Mm) and have a weaker shear
and that ¥ varies between ~28° to 36° during the evolution. In
this case, the shear present in any of the field lines of the central
arcade region is not sufficient to trigger the formation of a flux
rope, and it remains in a quasi-stationary state until the end of
the evolution.

To investigate the temperature evolution of the pre- and post-
reconnection loops, we estimated the mean temperature along
the field line in a manner similar to the y in Eq. (7):

f Tds

fds

The result is presented in Fig. 6. Here, we focus on the results
pertaining specifically to the second eruption phase. To this
end, we selected the magnetic field lines anchored at FP2 (i.e.,
[x,y] = [2,0] Mm) in order to estimate the evolution of the mean
temperature, T, capturing both the pre- and post-eruption tem-
poral domains. In the case of weak shear (simulation 2), no sig-
nificant change was observed in the temperature (7') evolution,
which remains at around 1 MK (which is the same as the ini-
tial iso-thermal condition) throughout the evolution. In contrast,
for the strong shear case (simulation 1), T exhibits substantial
variation, ranging approximately from 0.8 to 2.3 MK.

During the interval between ¢+ = 9.3 and 11 min, the tem-
perature decreases from about 1.1 MK to 0.8 MK. During this
pre-reconnection phase, the stretching of the loop leads to an
increase of thermal conduction timescale (which varies ~L2,
where, L is the characteristic length scale of the loop). This
means the thermal conduction becomes less efficient than a
shorter length scale scenario. Therefore, the thermal conduction
cannot react faster to increase the temperature than the cool-
ing mechanism that is facilitated mostly by adiabatic expansion
of the loops. Subsequently, T rises to approximately 2.3 MK at
t = 12.5min, primarily due to ohmic heating in the region of
enhanced current density at the vertical CS (see Fig. 1c). Shortly
thereafter, at + = 12.6 min, the mean temperature of the post-
reconnection loop begins to decrease again, reaching the initial
temperature of around 1 MK by ¢ ~ 15 min, and it remains at that
level through to the end of the evolution at around # = 35 min.
This temperature decline is attributed to the downward transport
of thermal energy along the loop caused by thermal conduction.
Notably, the fast temperature change (with a timescale of about
a few minutes) during the transition phase from the reconnection
to post-reconnection period (between t = 12.6 to 15 min) is gov-
erned by the small length scale of the loop (about a few Mm),
which corresponds to a small thermal conduction timescale, as
well as the temperature inhomogeneities present along the loop.

The relative strength between the reconnection field and
the guide field components at the upstream location in a CS
can be a deciding factor in particle acceleration and bulk heat-
ing (Dahlin et al. 2022; Qiu et al. 2023). To assess this mech-
anism, we estimated the time evolution of the ratio between
the guide and vertical magnetic field components, defined as
Rcs = —B./B,, at the right side (x > 3.14 Mm) of the upstream

T =
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Fig. 8. Temporal variation of the guide to vertical magnetic field component ratio, Rcs (= —B;/B,), at the upstream location of CS, marked by the
vertical dashed lines in the left and right panels of Fig. 7, during the first (left panel) and second (right panel) eruption phases.

region of the CS during the two eruption phases (at = 7.51 and
12.59 min). At this upstream location, B, consistently remains
negative in our case (i.e., directed downward), whereas B, can
vary between positive and negative values. Thus, the adopted
convention of R¢g helps identify when the guide field compo-
nent at this location changes polarity. To perform our analysis,
we first selected a vertical span encompassing the CS that is
present at x = 3.14 Mm and identified the pixel within this region
that corresponds to the maximum value of |J|/|B|. This was also
crosschecked with the maps in Figs. 1b and lc. We then took a
horizontal cut of the quantity |J|/|B| that passes through to that
specific pixel with peak |J|/|B|, as shown by the black curves
in Fig. 7 for ¢t = 7.51 and 12.59 min, respectively. To deter-
mine the upstream locations on the right side of the evolving
CS, we selected the pixels that reach 50% of the instantaneous
peak value of |J|/|B| while moving right along the x-direction
from x = 3.14Mm. These upstream positions are marked by
gray vertical dashed lines in the left and right panels of Fig. 7

for the first and second eruption phases, respectively. The recon-
necting (B,) and the guide (B;) field profiles are also overplotted
in the figure to show the consistency of the CS structure. Using
this automated technique, we estimated the temporal evolution
of R¢s and present the results in Fig. 8.

The left and right panels of Fig. 8 correspond to the time span
that captures the first and second eruption phases, respectively.
During the pre-eruption phases, R¢g is more than unity, indicat-
ing that the guide field is stronger than the reconnection field
component. In these periods, plasmoid-driven particle accelera-
tion should be suppressed and fewer nonthermal electrons should
be produced due to a weakened Fermi-type mechanism, as sug-
gested in Arnold et al. (2021). However, during the late phase of
eruption, when R¢g decreases toward zero, the reconnection field
component becomes dominant over the guide field. At this stage,
the energy contribution from non-thermal electrons exceeds that
of hot thermal electrons, resulting in efficient particle accelera-
tion, as proposed by Dahlin et al. (2016). This suggests that dur-
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ing the pre-eruption phases, the dominant guide field primarily
drives bulk heating, whereas during the late phases of eruptions,
the dominant reconnection field component facilitates the par-
ticle acceleration more efficiently. This estimation also gives a
potential direction to explain the “hot onset” phenomena, where
the bulk heating is observed prior to the efficient particle accel-
eration in flares, reported in Hudson et al. (2021).

4. Summary and discussion

We have presented the results from a 2.5D MHD model of mul-
tiple (homologous) flux rope eruptions (S24), focusing on the
role of magnetic shear distribution in facilitating these eruptions.
Specifically, we analyzed two cases with different values of ini-
tial magnetic shear (y) but with all other parameters the same.
In both cases, the system initially (at + = 0) exhibits mechani-
cal imbalance. However, it transiently settles into a nearly force-
free and thermally balanced semi-equilibrium state after approx-
imately 5.44 min. Shortly after that, for the strong shear case
(y = 72.6°, simulation 1), the system produces two flux ropes
from the central arcade region, and they erupt at around 7.51 and
12.59 min. In contrast, the weak shear case (y = 25.8°, simu-
lation 2) does not show any flux rope formation after it reaches
the semi-equilibrium phase, and it remains in a quasi-stationary
state thereafter. These results suggest that magnetic shear in the
arcades due to presence of the guide field plays an intrinsic role
in the formation and eruption of flux ropes. In this work, we
have focused on the formation and eruption of the flux ropes
only from the central arcade region, and we did not pay atten-
tion to the (partial) flux ropes formed at the side boundaries due
to the initial magnetic field prescription and periodic boundary
condition (see S24 for more details).

The initial shear was spatially uniform in the entire simula-
tion domain, but a nonuniformity developed in the field lines at
the beginning of the semi-equilibrium phase, as the stage before
the semi-equilibrium phase (¢ < 5.44 min) consists of reconnec-
tions (not shown) due to the presence of Lorentz force. Forma-
tion of the first flux rope occurs at a higher height than the second
one because at the beginning of the semi-equilibrium phase, the
field lines that are connected with the outer legs (away from the
PIL) of the arcade consist of more shear at a higher height than
the field lines from the inner legs. The field lines in the vicinity
of the vertical CS are highly sheared and nearly parallel to the
PIL. These are the parts of the field lines that reconnect. This
implies that the amount of shear flux that is ejected upward by
the eruptive flux ropes and the residual flux that is transported
downward to the post reconnection loops are both decided by
the location of reconnection on the arcade.

During the pre-eruption phase, a gradual decrease in the
mean shear (¥) of the field lines is associated with the stretch-
ing of magnetic loops, which continues until magnetic reconnec-
tion occurs. Following the reconnection event, part of the arcade
structure forms a flux rope that erupts and carries the shear flux
with it, while the remaining portion of the arcade becomes the
post-reconnection loop. Consequently, the mean shear of the
reconnecting loop drops drastically just after the reconnection. In
other words, a sudden drop of mean shear of a flaring loop may
indicate a reconnection event. After the eruption, the downward-
transported residual shear flux contributes to the magnetic flux
in the underlying arcades, leading to a gradual increment in non-
potentiality. Observationally, estimating mean shear along field
lines is extremely challenging, if not impossible. However, tem-
poral variations of magnetic shear at the photosphere are mea-
surable and have been reported for various flare events. For
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example, according to the study by Gosain & Venkatakrishnan
(2010), the horizontal shear (referred to as the “dip shear”) at
the sunspot penumbra regions decreases following an X-class
flare. Petrie (2019) reported a reduction in shear during a flare
in an active region. Moreover, Magara (2009) found that shear
decreases even before the onset of an X-class flare. Though the
trend of the mean shear obtained from our study and the pho-
tospheric shear for different flare observations follows a simi-
lar pattern, the one-to-one correspondence between these two
quantities cannot be established across different phases of the
eruption. Still, the similar trends between our numerical study
and the existing observations encourage further investigations to
explore any potential correlation between the evolution of the
photospheric magnetic shear and the mean magnetic shear along
the coronal arcades during pre- and post-eruptive phenomena.

This work highlights the possibility of fast temperature evo-
lution (on timescales of approximately a few minutes) dur-
ing the pre-reconnection, and the transition period between the
reconnection to post-reconnection phases for small-scale flare-
associated loops. Our findings thus motivate observational inves-
tigations aimed at confirming this scenario.

This study also sheds light on the understanding of energy
release processes during an eruptive flare. According to the
studies by Dahlinetal. (2016), Arnold etal. (2021), it has
been demonstrated that the strong guide field suppresses the
plasmoid-driven particle acceleration. The bulk heating on the
other hand, which refers to the increase in thermal energy of the
plasma (raising the temperature of the entire ion and electron
population) is (mostly) insensitive to the guide field. Therefore,
we expect that the plasma heating should dominate over the par-
ticle acceleration during the onset phase of the eruptions when
the strength of the guide field dominates over the reconnection
field component, which might serve as a potential clue for a bet-
ter understanding of the “hot onset” phenomena in flare obser-
vations (Hudson et al. 2021). On the other hand, during the late
phase of the eruption stage, when the reconnection field compo-
nent dominates over the guide field, we expect a more efficient
particle acceleration.

This work primarily highlights the role of magnetic shear
distribution in the formation and eruption of multiple flux ropes
within a 2.5D Cartesian geometry. The eruptions in our model
emerge without any driving agent beyond the initial (mechan-
ically imbalanced) conditions, unlike Dahlin et al. (2022), for
example, where shear flow was injected at the bottom boundary
in a relaxed system. However, an extension of this work in a 3D
geometry starting from the equilibrium configuration for a local
box simulation with coupling to the lower atmospheres and for
a large-scale global model can be an interesting aspect to inves-
tigate in the future. Nevertheless, this study demonstrates that
the distribution and variability of the guide field is an inevitable
quantity that triggers the formation and eruption of flux ropes
and energy release (through bulk heating and particle accelera-
tion) in the Sun, which are essential to resolve the broader coro-
nal heating mystery.
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