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ABSTRACT

Context. Erupting magnetic flux ropes (MFRs) are believed to play a crucial role in producing solar flares. However, the formation
of erupting MFRs in complex coronal magnetic configurations and the role of their subsequent evolution in the flaring events are not
fully understood.
Aims. We perform a magnetohydrodynamic (MHD) simulation of active region NOAA 12241 to understand the formation of a rising
magnetic flux rope during the onset of an M6.9 flare on 2014 December 18 around 21:41 UT (SOL2014-12- 18T21:41M6.9), which
was followed by the appearance of parallel flare ribbons.
Methods. The MHD simulation was initialised with an extrapolated non-force-free magnetic field generated from the photospheric
vector magnetogram of the active region taken a few minutes before the flare.
Results. The initial magnetic field topology displays a pre-existing sheared arcade enveloping the polarity inversion line. The simu-
lated dynamics exhibit the movement of the oppositely directed legs of the sheared arcade field lines towards each other due to the
converging Lorentz force, resulting in the onset of tether-cutting magnetic reconnection that produces an underlying flare arcade and
flare ribbons. Concurrently, a magnetic flux rope above the flare arcade develops inside the sheared arcade and shows a rising motion.
The flux rope is found to be formed in a torus-unstable region, thereby explaining its eruptive nature. Interestingly, the location and
rise of the rope are in good agreement with the corresponding observations seen in extreme-ultraviolet channels of the Atmospheric
Imaging Assembly (AIA) of the Solar Dynamics Observatory (SDO). Furthermore, the foot points of the simulation’s flare arcade
match well with the location of the observed parallel ribbons of the flare.
Conclusions. The presented simulation supports the development of the MFR by the tether-cutting magnetic reconnection inside
the sheared coronal arcade during flare onset. The MFR is then found to extend along the polarity inversion line (PIL) through slip-
running reconnection. The MFR’s eruptive nature is ascribed both to its formation in the torus-unstable region and also to the runaway
tether-cutting reconnection.
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1. Introduction

Eruptive events such as solar flares and coronal mass ejec-
tions (CMEs) are a manifestation of an abrupt and explosive
release of energy stored in twisted magnetic field lines in the
solar corona (Antiochos et al. 1999; Fleishman et al. 2020). In a
magnetically dominated corona, these transient events generally
relax the coronal magnetic field by releasing the stored magnetic
energy (Aschwanden 2004). Observations suggest that before
the eruption, since the coronal magnetic field lines (MFLs) are
rooted in the photosphere, they become stressed and twisted
by the photospheric (rotational and shear) flows. Consequently,
they end up storing the magnetic energy (Priest & Forbes 2002;
Shibata & Magara 2011; Priest 2014). However, the physical
process triggering the release of the stored energy still needs to
be fully understood (Shibata & Magara 2011; Priest 2014).

? Movies are available at https://www.aanda.org

The magnetic structure central to the eruptive events is thought
to be a magnetic flux rope (MFR), which is a bundle of twisted
magnetic field lines winding about a common axis (Chen 2011;
Priest 2014; He et al. 2022). Under favourable conditions, the
eruptions are believed to be initialized by the sudden rise of the
flux ropes. In general, the rise can be attributed to either ideal
magnetohydrodynamic (MHD) instabilities of the MFR, such as
the kink or torus instability (Fan & Gibson 2007; Kliem & Török
2006; Démoulin & Aulanier 2010), or it may be due to magnetic
reconnection (MR); this is a process that changes the magnetic
topology of MFLs and converts magnetic energy into heat, kinetic
energy, and acceleration of the charged particles below the flux
rope (Amari et al. 2003; Aulanier et al. 2012; Kumar et al. 2016).
Therefore, it becomes imperative to understand the creation of
the MFRs to understand solar eruptions. Typically, there are
two standard scenarios proposed for MFR formation. In the first
scenario, the flux rope is considered to be pre-existing below
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the photosphere and emerges into the corona during the flux
emergence process (Chen & Shibata 2000; Fan 2001, 2010). In
contrast, the second scenario suggests that the flux rope can
be generated in the solar atmosphere through reconnections
inside a sheared coronal arcade (van Ballegooijen & Martens
1989; Moore et al. 2001; Amari et al. 2003; Aulanier et al. 2010;
Jiang et al. 2021). These reconnection-based studies often rely on
force-free fields and utilise prescribed flows at the bottom bound-
ary to initiate MR. This paper also focuses on the process of flux
rope formation through MR in a coronal arcade by simulating
the dynamical evolution of a complex active region. However, in
contrast to many previous works, here, the evolution is triggered
by the Lorentz force (instead of the boundary flow) at the lower
heights of the solar atmosphere.

The instability of an MFR plays an important role in the
eruptive nature of flares. For explaining eruptions in bipolar
coronal arcades, the “tether-cutting” model (Moore et al. 2001)
attributed the formation and subsequent eruption of the flux rope
to runaway tether-cutting reconnection that begins when shear-
ing and converging photospheric flows have brought oppositely
directed field lines into close-enough proximity. In this situation,
ideal magnetohydrodynamic instabilities such as the “kink insta-
bility” (Török et al. 2004; Török & Kliem 2005) and the “torus
instability” (Kliem & Török 2006; Aulanier et al. 2010) are also
proposed to be causing the eruption. Recently, the modelling of
eruptions has been further advanced using fully 3D MHD sim-
ulations (Aulanier et al. 2012; Janvier et al. 2013, 2014, 2015).
Their model shows the eruption of a flux rope through torus
instability and reconnection at the current sheet that develops
under the flux rope. Relevant to this, “slip-running reconnection”
has also been identified as a possible mechanism to trigger erup-
tive events (Aulanier et al. 2006; Janvier et al. 2013).

To construct an appropriate coronal magnetic field,
the non-force-free-fields (NFFFs) extrapolation technique
(Hu & Dasgupta 2008; Hu et al. 2008, 2010) is utilised. As
the name suggests, the extrapolated field supports a non-zero
Lorentz force, which is crucial for the spontaneous onset of the
eruption. Consequently, the NFFF extrapolations differ from the
widely used nonlinear-force-free-fields (NLFFFs) extrapolations
which correspond to the vanishing Lorentz force equilibrium
state (e.g. Wiegelmann 2008; Wiegelmann & Sakurai 2012;
Duan et al. 2017). Utilising the NFFF extrapolations, recent
MHD simulations successfully replicated the required coronal
dynamics that lead to solar flares, coronal jets, and coronal dim-
mings (Prasad et al. 2018, 2020; Nayak et al. 2019; Kumar et al.
2022). In exploring the flux rope formation, we chose to numer-
ically simulate the onset of the eruption of NOAA AR 12241,
as the corresponding multi-wavelength observations suggest
the origin of a flux rope over the polarity inversion line (PIL;
Joshi et al. 2017a). In this paper, we perform an MHD simulation
initialized with NFFF extrapolation of AR 12241 to study the
magnetic flux rope formation and the progress of its eruption
leading to the flare. Interestingly, we find that the rope is formed
during the time of pre-flaring activity of the M6.9 flare on
2014 December 18, and the subsequent rise of the flux rope
coincides with the development of the parallel ribbons of the
flare (Joshi et al. 2017a). We find that our simulation results
attribute the flux rope formation to tether-cutting reconnection
that occurs at a low-lying hyperbolic flux tube (HFT) by the
suitable converging Lorentz force. Moreover, a slip-running
reconnection (Aulanier et al. 2005, 2010) contributes to the
extension of the flux rope along the PIL. The eruptive nature of
the flux rope is attributed to two factors: the development of the

flux rope in a torus unstable zone and the runaway tether-cutting
reconnection.

The rest of the paper is arranged as follows: Sect. 2 briefly
mentions the important aspects of the flaring event, while Sect. 3
provides details of the initial non-force-free extrapolated field.
Section 4 presents the simulation results and their relation to the
multi-wavelength observations. The key findings of the paper are
summarised in Sect. 5.

2. Observations of M6.9 flare in NOAA AR 12241

The M6.9 flare occurred in NOAA AR 12241 on 2014 Decem-
ber 18. A detailed study of the various observational aspects of
the flare was already published by Joshi et al. (2017a), where
these authors divided the flaring process into two components.
The first component corresponds to the development of a flux
rope over the PIL and its rise, leading to parallel flare ribbons.
In the second component, the erupting flux rope reaches the
three-dimensional (3D) magnetic null located at a much higher
height and initiates MR at the null, forming the larger quasi-
circular ribbon. This paper aims to simulate the dynamical evo-
lution leading to the first component. For completeness, we first
highlight the corresponding observations in Fig. 1. The photo-
spheric vector magnetogram of AR 12241 is from the Helioseis-
mic Magnetic Imager (HMI; Schou et al. 2012) on board the Solar
Dynamic Observatory (SDO; Pesnell et al. 2012) at 21:24 UT
on 2014 December 18 (see Fig. 1a). The magnetogram is taken
from the ‘hmi.sharp_cea_720s’ data series (Bobra et al. 2014)
that provides vector magnetograms of the Sun with a tempo-
ral cadence of 12 minutes and a spatial resolution of 0′′.5. To
obtain the magnetic field on a Cartesian grid, the magnetogram is
initially remapped onto a Lambert cylindrical equal-area (CEA)
projection and then transformed into heliographic coordinates
(Gary & Hagyard 1990). We further cropped the field of view
to 680× 340 pixels to focus on the region of interest. The dark
green line shows the PIL, along which the flux rope is observed
to develop.

The flare starts at around 21:41 UT and peaks at ≈21:58 UT.
Figures 1b–d illustrate SDO/AIA 131 Å images. To adequately
compare the simulation results with observations, SDO/AIA fil-
tergrams are also CEA projected and remapped to the same spatial
resolution as the magnetic field data, while the same field of view
is used. Panel b shows the formation of the flux rope (marked by
red arrow) at around 21:35 UT, and its subsequent rise and expan-
sion can be identified in panels c and d. Similar flux rope dynam-
ics are plotted in Fig. 5 of Joshi et al. (2017a). Notably, there are
the brightenings moving in the eastward direction (marked by yel-
low arrows in panels c and d). Panels e and f present SDO/AIA
304 Å images, which depict the creation of parallel ribbons dur-
ing the flare. In addition to the parallel ribbons, the plots also docu-
ment the development of isolated brightenings (marked by green
arrows) on the eastward and westward sides of the parallel rib-
bons. SDO/AIA 1600 Å images further confirm the development
of the parallel ribbons and the isolated brightenings (panels g and
h).Alsonotably, at lowheights, acool-materialfilamentalsoexists
along the PIL (Wang et al. 2017). However, its eruption during
the flux rope formation and subsequent rise is not observation-
ally established (Joshi et al. 2017a). This suggests that its presence
does not affect the flux rope dynamics.

3. Extrapolated coronal magnetic field of AR 12241

We utilise the non-force free extrapolation model devel-
oped by Hu & Dasgupta (2008), Hu et al. (2008, 2010) to
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(a) (b)

(c) (d)

(e)

(g) (h)

Fig. 1. Depiction of the AR 12241 magnetogram, the formation and rising motion of the flux rope, and the parallel flare ribbons. Panel a illustrates
the HMI vector magnetogram of AR 12241 at 21:24 UT on 2014 December 18. The grey-scale image is the vertical field, with the strength given
by the colour bar. The red and blue arrows show the strength and direction of the transverse magnetic field, while the green lines mark the PILs.
Panels b–d illustrate the flux rope formation, marked by the red arrow in panel b and its rising motion denoted by red arrows in panels c and d in
131 Å. The brightenings moving eastward are marked by yellow arrows in panels c and d. Panels e and f depict the parallel flare ribbons in 304 Å.
Also, note the isolated brightenings in 304 Å (green arrows). Similar to 304 Å, the parallel ribbons and the isolated brightenings are observed in
1600 Å, as shown in panels g and h, where the red arrows mark the isolated brightenings. North is upward, and east is to the left in this and all
other solar images in this paper. The animations for panels b and e are available online.

extrapolate the coronal magnetic field of AR 12241 at 21:24
UT corresponding to the vector magnetogram shown in Fig. 1a.
For the details of the model, readers are referred to Hu et al.
(2010) and references therein. The model is based on the prin-
ciple of minimum energy dissipation rate, according to which
a plasma system prefers to relax toward a state that has mini-

mum dissipation rate (Bhattacharyya et al. 2007). The magnetic
field B is then shown to satisfy the double-curl Beltrami equa-
tion (Bhattacharyya et al. 2007). The field B then can be writ-
ten as the superposition of three linear-force-free fields (one of
which is selected to be potential in the model; Hu & Dasgupta
2008). Consequently, the Lorentz force associated with the field
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(a) (b)

(c) (d)

Fig. 2. Extrapolated non-force-free field of the active region at the start of the MHD simulation of the onset of the flare-making eruption. Panels a
and b depict the side and top-view of the extrapolated MFLs with the magnetogram as the bottom boundary. The low-lying yellow MFLs represent
the sheared arcade over the PIL. Panel c shows the distribution of the relative magnitude of the Lorentz force density in the computational domain,
documenting the existence of the force at lower heights near the PIL. The Lorentz force density has the units of 1.5 × 10−8 dyne cm−3. Panel d
illustrates the logarithmic variation of magnitude for the horizontally averaged magnetic field (B), the current density (J), and the Lorentz force
density (L) with height, z. All of the values are normalised with respect to their maximum values.

is non-zero. An iterative approach based on the minimisation of
the average deviation between the observed and the calculated
transverse field on the photospheric boundary is then employed
to get the extrapolated NFFF. Recently, the NFFF model has
been successfully utilised to explain various transient events in
active regions such as flares, coronal jets, and coronal dimmings
(Prasad et al. 2018, 2020; Nayak et al. 2019).

Notably, the magnetogram displayed in Fig. 1a has a spa-
tial extent of 680 × 340 pixels along the x and y axes of a
Cartesian coordinate system. To minimise the computational
cost, the original domain is re-scaled to a 320 × 160 pixel grid
in x and y directions. The vertical extension of the domain is
taken to be 160 pixels. In such a re-scaling, the inherent mag-
netic structures remain preserved (Prasad et al. 2020). In phys-
ical units, the size of the computational domain is roughly
245 Mm× 122.5 Mm× 122.5 Mm along x, y, and z.

The magnetic field lines of the extrapolated initial field are
plotted in Fig. 2. In this and subsequent figure, the x, y, and z axes
of the computational domain are represented by red, green, and
blue axes, respectively. The red line in the z = 0 plane denotes the

PIL. The yellow magnetic loops mark the magnetic arches of the
arcade over the PIL, with the side and top views shown in panels
a and b. Large-scale magnetic loops are plotted in cyan-coloured
MFLs. Notably, there is the bifurcation in the field lines towards
the southeast direction, more visible in the top view in panel b,
showing a sharp change in the field line connectivity. Notice-
ably, the cyan-coloured MFLs leave the computational domain
through the lateral boundary (y = 0). We performed an additional
extrapolation with an extended computational box along the lat-
eral boundary (not shown) and found that these MFLs connect
to the appropriate opposite polarity regions, validating the accu-
racy of the extrapolated field. Panel c of Fig. 2 shows the direct
volume rendering of the Lorentz force density, which reveals the
existence of the force at the lower heights and its sharp decay with
height. Moreover, the panel also identifies the presence of a strong
Lorentz force in the vicinity of the PIL. Notably, the Lorentz
force plays a crucial role in triggering the arcade dynamics, even-
tually leading to the MFR formation and the onset of the flare.
Figure 2d plots the variations of horizontally averaged strength
for the magnetic field, current density, and Lorentz force density
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with pixel height, z. The plots further confirm a faster decay of
the Lorentz force density compared to the current density and the
field strength. Consequently, the extrapolated field can be consid-
ered reasonably force-free at coronal heights, favouring the typi-
cal description of the solar corona.

4. MHD simulation of AR 12241

4.1. Governing MHD equations

The evolution of AR 12241 is studied by describing the coronal
plasma by magnetohydrodynamics. With a focus on exploring
the changes in field line topology, here we consider the plasma to
be of uniform density, incompressible, thermally homogeneous,
and perfectly electrically conducting (Kumar et al. 2014, 2015,
2017). The set of non-dimensional MHD equations is then given
as:

∂v

∂t
+ (v · ∇) v = −∇p + (∇ × B) × B +

τa

τν
∇2v, (1a)

∇ · v = 0, (1b)

∂B

∂t
= ∇ × (v × B), (1c)

∇ · B = 0. (1d)

The magnetic field strength B and the plasma velocity v are
normalised by the average magnetic field strength (B0) and the
Alfvén speed (va ≡ B0/

√

4πρ0 with ρ0 representing the constant
mass density), respectively. The plasma pressure, p, the spatial-
scale, L, and the temporal scale, t, are normalised by ρva2, the
length-scale of the vector magnetogram, (L0), and the Alfvénic
transit time, (τa = L0/va), respectively. Here, τν represents the
viscous diffusion time scale (τν = L2

0/ν), with ν being the kine-
matic viscosity.

The MHD equations are solved using the well-
established numerical model EULAG-MHD (Smolarkiewicz &
Charbonneau 2013). The model details are described in
Smolarkiewicz & Charbonneau (2013) and references therein.
Importantly, in the absence of the physical magnetic diffusiv-
ity (1c), the dissipative property of the model intermittently
and adaptively regularises the under-resolved scales by
simulating magnetic reconnections. In our previous works
(Prasad et al. 2018, 2020; Nayak et al. 2019, 2021; Kumar
et al. 2022), we successfully simulated the dynamics of various
active regions with the model and explained the solar transients
such as flares, coronal jets, and circular brightenings in the
active regions.

4.2. Computational setup

The presented simulation was conducted in a computational
domain having a 320 × 160 × 160 grid points for a physical
domain spanning [0, 1] × [0, 0.5] × [0, 0.5] units in x, y, and z,
respectively, where a unit length approximately corresponds to
245 Mm. The simulation is initialized with the NFFF extrapo-
lated magnetic field as shown in Fig. 2a. With an initial zero
velocity field, the simulated dynamical evolution is generated by
the initial non-zero Lorentz force of the NFFF. The resulting flow
is incompressible, an assumption also utilised by Dahlburg et al.
(1991) and Aulanier et al. (2005). As our focus is to understand
the flux rope’s formation and early rising motion, this assump-
tion seems justifiable in the tenuous coronal medium. As there
is no significant flux-emergence occurring during the event at

the bottom boundary, we keep the z-components of the mag-
netic field (B) and velocity field (v) fixed to their initial values
throughout the simulation. Magnetic reconnection is initialized
at a certain height above the boundary, resulting in the plasma at
the bottom boundary remaining perfectly ideal. Under the con-
straint of incompressibility, which ensures no mass enters or
leaves the domain at the boundary, these conditions effectively
mimic the line-tied effects at the bottom boundary (Jiang et al.
2021). For the other boundaries, we specified all the variables by
linearly extrapolating their values from the interior points in their
spatial neighbourhood (Prasad et al. 2017, 2018; Nayak et al.
2020). This method of setting boundary conditions allows us
to smoothly extend the conditions inside the simulation to the
boundaries.

The value of the non-dimensional constant τa/τν is chosen
to be 2 × 10−4, which is around 15 times larger than its coronal
value. Higher values of τa/τν for the simulation only speed up
the dynamical evolution, thus reducing the computational cost
without any effect on the magnetic topology. The spatial unit step
∆x = 0.00625 and time step (normalised by the Alfvén transit
time τa ∼ 30 s) ∆t = 2× 10−3 are selected to satisfy the Courant-
Friedrichs-Lewy (CFL) stability condition (Courant et al. 1967).
The simulation is carried out for 6000 ∆t, which roughly corre-
sponds to an observation time of 45 Minutes. To better compare
the simulated dynamics with the observations, we present the
time (t) in units of 2τa = 1 minute in describing the simulation
results.

4.3. Evolution of AR12241

To understand the dynamics of the pre-flare stage of this event,
we first describe the simulation’s evolution of magnetic field
lines of the arcade (in colour yellow) located in the vicinity
of the event. The evolution is plotted in Fig. 3. For plotting
the evolution of the field lines, we employ the built-in “field
line advection” technique of the VAPOR visualisation package
(Clyne et al. 2005; Mininni et al. 2008). In the technique, one
representative point for a selected field line is advected by the
velocity field and then the advected point is used as a seed to
plot the field line at a later time (Mininni et al. 2008). For a
detailed description of the technique and its successful illus-
tration in ideal as well as non-ideal magnetofluids, we refer to
Clyne et al. (2007), Mininni et al. (2008), Li et al. (2019).

To explore the possibility of the flux rope formation, the
figure is further overlaid with the twist parameter (in colour blue)
that measures the twist number of a field line. It is calculated
by integrating the field-aligned current J · B/B2 along a field
line (Török et al. 2004; Berger & Prior 2006; Liu et al. 2016).
Figure 3b shows that the field lines of the arcade, rooted in the
opposite polarity regions, are further sheared and stretched such
that oppositely directed field lines approach each other. This
indicates that the initial Lorentz force is deforming the field lines
of the arcade to give rise to the current sheet formation and con-
sequent reconnection. Subsequent evolution documents the gen-
eration of the twisted magnetic field lines at t = 11. These field
lines are co-located with the high values of the twist parameter,
as shown in panels d–f, suggesting the helical nature of the field
lines. The magnitude of the twist parameter is around 1.05. Con-
sequently, the twisted field lines represent a magnetic flux rope
generally located above the PIL (Liu et al. 2016; Prasad et al.
2020; Jiang et al. 2021).

To explore the physical mechanism underlying the flux rope
formation and the role played in this by the orientation of the
initial Lorentz force, in Fig. 4, we plot the field lines of the
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(a) t = 0 (b) t = 8

(c) t = 11 (d) t = 16

(e) t = 23 (f) t = 35

Fig. 3. MHD simulation’s evolution of the MFLs of the sheared arcade (in yellow). The bottom boundary is the magnetogram plotted in Fig. 1.
Important is the formation of the flux rope (panels d–f), which is evident from the appearance of a twist value that is greater than 1 (in blue). As
described in the text, t has units of 1 minute, with t= 0 corresponding to 21:24 UT. An animation of this figure is available online.

transverse field (obtained by setting Bx = 0 in B). These field
lines represent the magnetic field lines projected on the x-
constant plane. The red arrows in panels a and b show the direc-
tion of Lorentz force at t = 0 and t = 9, respectively. Note-

worthy are the foot-points of the field lines rooted on opposite
polarity regions of the PIL. The Lorentz force is favourable to
push the non-parallel field lines, located on opposite sides of
the PIL, towards each other – developing an X-type geometry
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(a) t = 0 (b) t = 9

(c) t = 0 (d) t = 10

(e) t = 0 (f) t = 10

Fig. 4. Simulation’s time evolution of the field-line map in a y−z plane through the middle of the sheared arcade during eruption onset. The z = 0
surface is the magnetogram of Fig. 1a. Panels a and b show the direction of the Lorentz force (red arrows), which is favourable for driving the
anti-parallel field lines into close proximity and developing an X-type geometry. Panels c and d are superimposed with log Q, confirming the
enhancement of Q-values co-located with the X-type geometry. Panels e and f are overplotted with |J|/|B|, which also shows an overall increase in
the |J|/|B| in the vicinity of the X-type geometry (panel f).

in the projected field lines at a certain height (panels b). Such
X-type geometry corresponds to a quasi-separator or HFT in the
3D magnetic field (B), i.e. when the component Bx is added in
the transverse field (Démoulin et al. 1996, 1997; Aulanier et al.
2010; Kumar et al. 2021). To further confirm this, in panels c and
d of the figure, we overlay the projected field lines with squash-
ing factor (Q; Titov 2007; Masson et al. 2009; Liu et al. 2016)
shown here on a logarithmic scale, which measure the field-
line mapping of the magnetic field. The appearance of the high
Q-values in the neighbourhood of the X-type geometry (Fig. 4d)
confirms the development of the HFT. Notably, the HFT with the

high Q-values is often considered a potential location for facil-
itating magnetic reconnection (Titov et al. 2002; Török et al.
2004; Masson et al. 2009; Aulanier et al. 2010; Kumar et al.
2021). This is also evident from panels e and f of the figure,
in which the projected field lines are overplotted with |J|/|B|.
As two non-parallel field lines approach each other closely in
the vicinity of the reconnection site, there is an overall enhance-
ment in |J|/|B|, seen in panel f, suggesting a sharp increase in the
magnetic field gradient. Consequently, the scales become under-
resolved, leading to magnetic reconnection in the simulation.
These reconnections are responsible for the generation of the
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(a) t = 19 (b) t = 25

(c) t = 30 (d) t = 35

Fig. 5. Dynamic rise of the flux rope with the decay index plotted in a y−z plane through the middle of the flux rope. The z = 0 surface is the
magnetogram of Fig. 1a. The predominant part of the flux rope is co-located with a decay index greater than 2.

magnetic flux rope. Further evolution documents the continuing
reconnection at the X-type geometry that increases the magnetic
flux inside the flux rope (not shown). It is worth mentioning that
the post-reconnected field lines contribute to the formation of the
flare ribbons.

Relevantly, using the method proposed by Fisher et al.
(2012) for estimating changes in the integrated Lorentz force
across the outer solar atmosphere by observing differences in
the vector magnetograms, Sarkar et al. (2019) computed the net
change in the Lorentz force during a series of flaring events.
Their findings, indicating the change in a range of (2−5) × 1022

dyne, pointed to a direct role of the Lorentz force at the onset
of these events. In our simulation, we determine the net change
in the averaged Lorentz force values within a sub-volume of the
flaring region, comparing the initial (t = 0) and final (t = 35)
stages. The change in the averaged Lorentz force is ≈3.1 × 1022

dyne, closely aligning with the estimates from observational
studies. This supports the crucial role of the Lorentz force asso-
ciated with NFFF extrapolations near flare initiation in trigger-
ing these events. The MFR formation through MRs inside the
sheared arcade appears to agree with the tether-cutting reconnec-
tion model (Moore et al. 2001; Toriumi & Wang 2019). More-

over, the upward outflow generated by this reconnection carries
the flux rope upward. The average speed at which the flux rope
rises is around 10 km s−1. This speed is much less than the typical
coronal sound speed (200 km s−1), which is the condition needed
for the assumption of incompressibility to be valid.

To explore the eruptive nature of the formed flux rope, in
Fig. 5, in a y−z plane passing through the flux rope, we depict
the decay index in the vicinity of the rising flux rope. The decay
index is a measure of the vertical decay of the strapping field
overlying the flux rope. The decay index is defined as n =
−d log(Bt)/d log(h), where h is the height and Bt is the transverse
component of the overlying strapping field (Kliem & Török
2006; Démoulin & Aulanier 2010; Liu et al. 2016; Jiang et al.
2016). Figure 5 shows the rise of the flux rope from t = 19 to
t = 35. It is noteworthy that the decay index is predomi-
nantly greater than 2 in the vicinity of the rising flux rope,
suggesting the flux rope to be torus unstable (Kliem & Török
2006; Fan & Gibson 2007; Démoulin & Aulanier 2010). Conse-
quently, in this case, the rising rope is eruptive. However, our
simulation does not entirely capture the sudden rise of the erupt-
ing rope. This can be attributed to the assumed incompressibil-
ity condition. Moreover, the viscous relaxation also depletes the
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(f) t = 21.0 (21:44:56)

Fig. 6. Superimposition of the simulated dynamic flux rope (in yellow) on co-temporal 131 Å images. The origin and rise of the simulated flux rope
roughly match the observed ones. The eastward movement of the eastern feet of the simulated MFLs of the flux rope and the observed brightenings
are also apparent. The simulation time is given in the panels, while the corresponding time for the AIA images in UT is given in the parentheses.
An animation of this figure is available online.

available free magnetic energy needed to generate the sudden
rise.

To compare the simulated dynamics of the flux rope with
observations, in Fig. 6, the field lines of the flux rope are over-
laid onto the observations in wavelength 131 Å at different times.
Notably, the location and the time of the flux rope formation
match with the observed ones, as shown in Figs. 6a and 1b). This
suggests that the reconnections leading to the MFR formation
are also responsible for the flare-onset activities. Also evident is
the almost exact match of the simulated flux rope expansion and
rise with the observations (cf. Figs. 6b–f and, Figs. 1c–d). Fur-
thermore, Fig. 6 illustrates the motion of the eastern foot of the
MFLs of the flux rope in the eastward direction, which appears
to be in general agreement with the movement of the brighten-
ings observed in the AIA 131 Å images, as marked by yellow
arrows in Figs. 1c–d.

To understand the movement, in Fig. 7, the evolution of the
flux rope MFLs (plotted in Fig. 6) is overlaid onto the Q-values
at the bottom boundary. Notably, the motion of the MFLs is

such that their footpoints always remain on the high Q-values
(log Q > 8) contours. Such a motion can be attributed to slip-
ping magnetic reconnections (Aulanier et al. 2006; Joshi et al.
2017b). The brightenings in the 131 Å observations (Fig. 6)
trace the high Q-contours, further corroborating the attribution.
Notably, the apparent slippage motion is faster for the footpoints
of MFLs rooted in negative polarity regions than those rooted
in positive polarity regions (see the animation of Fig. 7). Such a
difference in the motion can be ascribed to the different mapping
norm (Janvier et al. 2013).

Figure 8 shows the eruption in AIA 304 Å, shown in panels
a and b, and 1600 Å, shown in panels c and d, images at different
times, over-plotted with the simulated flux rope (in yellow). In
the simulations, as the reconnection continues to build up the
flux rope, the post-reconnection arcade also develops, marked
by cyan-coloured MFLs in the figure. Notably, the footpoints of
the simulated post-reconnection arcades are co-located with the
observed parallel ribbons of the flare (see Figs. 8b and d). The
accelerated charged particles produced at the reconnection site
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Fig. 7. Dynamics of MFLs constituting the flux rope overlaid onto the Q-contours at the bottom boundary. Footpoints of the MFLs trace the large
Q-contours. The motion can be attributed to slipping MR. An animation of this figure is available online.

are then expected to travel along the arcade and decelerate in the
denser chromospheric medium, leading to the formation of the
ribbons (Aschwanden 2004). We also note presence of localised
brightenings in both 304 Å and 1600 Å observations (marked by
cyan arrows in Figs. 1e–f and red arrows in Figs. 1g–h), which
are near the foot of the eastern legs of the flux rope, as seen
in panels b and d of Fig. 8. This indicates a causal connection
between the brightenings and the flux rope formation.

5. Summary and discussion

This paper presents an MHD simulation of magnetic field evo-
lution early in an M6.9 flare in AR 12241. The prime focus of
the paper is to understand the formation of the magnetic flux rope
during the initiation phase of the eruption that produced the flare.
The initial magnetic field is generated by extrapolating the pho-
tospheric vector magnetogram of the active region obtained from
HMI/SDO at 21:24 UT on 2014 December 18, using the non-
force-free extrapolation technique. The extrapolated field has a
Lorentz force at lower heights that becomes negligible in the
corona, matching the standard picture of the coronal magnetic

field. The Lorentz force, however, plays a crucial role in gen-
erating the self-consistent dynamical evolution from the initial
static state.

The initial non-force-free extrapolated field shows the pres-
ence of a sheared coronal arcade enveloping the PIL. During the
MHD evolution, under-resolved scales would evolve in the simu-
lation as non-parallel MFLs come into close proximity with each
other. The employed numerics then regularise these scales with
simulated magnetic reconnections by producing locally adaptive
residual dissipation. The simulated MFL evolution shows the
origin of twisted field lines inside the initially sheared arcade
at around 21:35 UT. The field lines represent a magnetic flux
rope upon achieving a twist greater than one. The simulation
demonstrates that magnetic reconnection at a low height in the
solar atmosphere is responsible for the flux-rope formation and
the M-class flare. The onset of that reconnection is attributed to
developing favourable field line geometry in the form of a hyper-
bolic flux tube due to the suitable converging Lorentz force.
Hence, the development of the flux rope is caused by tether-
cutting reconnection at a low-lying HFT. In addition, the flux
rope is formed in a region having a decay index >1.5. This
suggests that the newly formed flux rope is unstable via the torus
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(a) t = 14 (b) t = 21

(c) t = 20 (d) t = 26

Fig. 8. Evolution of the simulated MFLs of the flux rope and flare arcade, superimposed with the AIA 304 Å, as shown in panels a and b,
and 1600 Å, shown in panels c and d, observations at the bottom boundary. The appearance of the simulated post-reconnection arcades (in cyan)
is evident, which are co-located with the observed parallel flare ribbons. The observed brightening near the foot of the simulated flux rope is also
seen (in yellow).

instability and, therefore, has an eruptive nature. After its forma-
tion, the flux rope exhibits a slow rising motion while staying in
the torus-unstable region.

SDO/AIA multi-wavelength observations (in particular, the
AIA 131 Å channel) of the M6.9 flare show the signature of the
formation of a flux rope during the pre-flare stage. The initial
formation location of the flux rope and its subsequent rise away
from the photosphere matches the observations in 131 Å, indi-
cating that magnetic reconnection plays a vital role in the pre-
flare activity. After its formation, the flux rope shows a rising
motion and an extension with time of its east end. In comparing
our simulations with the SDO/AIA 304 Å and 1600 Å observa-
tions of the actual eruption, we find that our simulations closely
fit the observed development of parallel flare ribbons and move-
ment of brightenings with time towards the east. As noted above,
the eastern feet of the MFLs of the flux rope show an eastward
movement. This simulated movement coincides with the con-
current eastward expansion of brightenings in the 131 Å images.
Interestingly, the simulation shows that the MFLs follow the
high-value ln Q-contours; this suggests that slip-running recon-
nection is responsible for the motion and, hence, the bright-
enings. The generation of the post-reconnection arcade fits the

parallel flare ribbons seen in the AIA 304 and 1600 Å images.
Moreover, observable brightening also occurs near the eastern
leg of the simulated flux rope, suggesting a causal connection
between the flux rope and the brightenings.

Overall, the presented simulation successfully captures the
important observational features of the flaring event onset in the
form of the flux rope development, the rise of the flux rope, and
the early-flare arcade. This alignment of our simulation’s results
with observational data validates the initial assumption of our
method, where we start with an unbalanced plasma state and
allow the non-force-free field-induced Lorentz force to initiate
the dynamical evolution of the active region. Moreover, the well-
matched flare ribbons and post-flare loops, as depicted in our
simulations, underscore the critical role of the Lorentz force in
driving the reconnection processes leading to flare and eruption.
On the flip side, the current simulation was not able to demon-
strate the fast-rise dynamics of the erupting flux rope, as the ris-
ing motion of the flux rope appears to cease towards the end
of the simulation. This indicates that the runaway tether-cutting
reconnection is not efficient enough by itself to lift the flux
rope further. In the absence of prescribed photospheric boundary
flows, the inefficiency of the reconnection can be attributed to

A43, page 11 of 12



Prasad, A., et al.: A&A 677, A43 (2023)

the constantly depleting magnetic energy through the magnetic
reconnection and the continuously operating viscous dissipation.
Moreover, the incompressibility condition assumed in the simu-
lation may also play a role in restricting the faster rise of the
flux rope. Relevantly, compressible MHD simulations driven by
photospheric shearing flows or flux emergence have ascribed
the eruption of flux ropes to the torus instability instead of the
run-away tether-cutting reconnection (Aulanier et al. 2010; Fan
2010). Therefore, the present simulation can be advanced fur-
ther to simulate the eruption more realistically by relaxing the
incompressibility and including the appropriate boundary flows,
which are kept as future projects.
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