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ABSTRACT

Context. Understanding the flux rope eruptivity and effects of data driving in modelling solar eruptions is crucial for correctly applying
different models and interpreting their results.
Aims. We aim to investigate these by analysing the fully data-driven modelled eruption of the active regions (ARs) 12473 and
AR11176, as well as preforming relaxation runs for AR12473 (found to be eruptive) where the driving is switched off systematically
at different time steps. We intend to analyse the behaviour and evolution of fundamental quantities that are essential for understanding
the eruptivity of magnetic flux ropes (MFRs).
Methods. The data-driven simulations were carried out with the time-dependent magnetofrictional model (TMFM) for AR12473 and
AR11176. For the relaxation runs, we employed the magnetofrictional method (MFM) and a zero-beta magnetohydrodynamic (MHD)
model to investigate how significant the differences between the two relaxation procedures are when started from the same initial
conditions. In total, 22 simulations were studied. To determine the eruptivity of the MFRs, we calculated and analysed characteristic
geometric properties such as the cross-section, MFR height, and physical stability parameters such as MFR twist and the decay
index. Furthermore, for the eruptive cases, we investigated the effect of sustained driving beyond the point of eruptivity on the MFR
properties and evolution.
Results. We find that the fully driven AR12473 MFR is eruptive, while the AR11176 MFR is not. For the relaxation runs, we find that
the MFM MFRs are eruptive when the driving is stopped around the flare time or later, while the MHD MFRs show eruptive behaviour
even if the driving is switched off one and a half days before the flare occurs. We also find that characteristic MFR properties can vary
greatly even for the eruptive cases of different relaxation simulations.
Conclusions. The results suggest that data driving can significantly influence the evolution of the eruption, with differences appearing
even when the relaxation time is set to later stages of the simulation when the MFRs have already entered an eruptive phase. Moreover,
the relaxation model affects the results significantly, as highlighted by the differences between the MFM and MHD MFRs, showing
that eruptivity in MHD does not directly translate to eruptivity in the MFM, despite the same initial conditions. Finally, if the exact
critical values of instability parameters are unknown, tracking the evolution of typical MFR properties can be a powerful tool for
determining MFR eruptivity.

Key words. magnetohydrodynamics (MHD) – methods: data analysis – Sun: corona – Sun: coronal mass ejections (CMEs) –
Sun: magnetic fields

1. Introduction

Studying the dynamics of solar magnetic fields is crucial for
understanding the initiation and early evolution of solar erup-
tions, which also contributes to forecasting their space weather
effects on Earth (Temmer 2021; Kilpua et al. 2019; Gopalswamy
2022; Buzulukova & Tsurutani 2022). The main part of solar
eruptions consists of magnetic flux ropes (MFRs), which are
coherent twisted flux tubes with field lines winding about a
common axis (Green et al. 2018; Chen 2017). Consequently, the
behaviour and properties of MFRs have been and continue to be

⋆ Corresponding author; andreas.wagner@helsinki.fi

extensively studied in the field (see, e.g. Patsourakos et al. 2020;
Kumari et al. 2023; Inoue et al. 2023; Guo et al. 2024, and refer-
ences therein).

The eruptive behaviour of a coronal MFR is commonly
attributed to two instabilities, namely, the kink and torus insta-
bilities, which in idealised models are triggered when a related
stability parameter reaches a critical threshold. For the kink
instability, the governing parameter is the field line twist (see,
e.g. Török et al. 2004). For the torus instability, the governing
parameter is the decay index n, which states how quickly the
magnetic field decays with increasing height from the photo-
sphere (see, e.g. Kliem & Török 2006). For both the twist param-
eter and the decay index, finding the threshold value where

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A74, page 1 of 11



Wagner, A., et al.: A&A, 692, A74 (2024)

the system becomes unstable is highly dependent on the mag-
netic field configuration of the investigated system (see, e.g.
Török et al. 2004; Kliem & Török 2006; Schrijver et al. 2008).

Since the magnetic field of MFRs in the corona cannot be
observed directly or remotely with sufficient accuracy, studies of
their magnetic configuration and eruptivity often rely on mod-
elling and extrapolations (Green et al. 2018). Magnetohydrody-
namic (MHD) simulations have been shown to produce dynam-
ics comparable to observed eruptions (see, e.g. Fan & Gibson
2007; Aulanier et al. 2010; Zhong et al. 2021; Török et al. 2024);
they are computationally expensive and often rely on using ide-
alised magnetic field configurations or simplified boundary condi-
tions. One of the more efficient alternative approaches is the mag-
netofrictional method (MFM; Yang et al. 1986), which has also
been been widely employed by various authors to model dynam-
ics of solar magnetic fields (Mackay & van Ballegooijen 2006;
Yeates 2014; Price et al. 2019; Rice & Yeates 2022). As the MFM
does not use the full equation of motion, it usually dynamically
evolves at slower rates.

To capture the dynamics of MFRs from their formation to
early evolution for specific observed events, data-driven mod-
elling is paramount (see, e.g. Pagano et al. 2019; Pomoell et al.
2019; Hoeksema et al. 2020; Kilpua et al. 2021; Inoue et al.
2023). This approach continuously updates the photospheric
boundary conditions with new observations, allowing free energy
to dynamically build up in the modelling domain. Importantly,
there is no need to prescribe an MFR, as it can self-consistently
form as a response to the evolving conditions at the boundary.
For example, the data-driven, time-dependent magnetofrictional
method (TMFM) has been successfully used to model MFR erup-
tions (e.g. Gibb et al. 2014; Yardley et al. 2018; Pomoell et al.
2019; Price et al. 2019). In some studies, magnetic configu-
rations resulting from application of the (T)MFM have also
been used as an initial condition in MHD modelling (see, e.g.
Kliem et al. 2013; Pagano et al. 2013; Guo et al. 2019; Daei et al.
2023). Although data-driven modelling is evidently a useful tool
for investigating MFR eruptions, the effects of driving need to be
well understood to correctly interpret the modelling results.

In this work, we utilised a TMFM implementation pre-
sented in Pomoell et al. (2019) to investigate the MFR forma-
tion and eruptivity and how the duration of the driving influ-
ences the magnetic field eruptivity. Two active regions (ARs)
were investigated: AR12473 and AR11176. The MFR properties
are extracted from the simulation data using a recently developed
method by Wagner et al. (2024a) and its corresponding graphical
user interface (GUI), the GUI for Identifying and Analysing flux
Ropes (GUITAR; Wagner et al. 2024b). We consider an MFR
as eruptive when it rises through the modelling domain and
does not exhibit deceleration. Thus, the eruptivity of the MFRs
is scrutinised through the investigation of the behaviour of its
height and size in the simulation domain and contrasting them
with the evolution of the aforementioned instability parameters.
In the fully driven TMFM runs (i.e. boundary driving is contin-
ued for the duration of the run), an MFR forms in both cases,
but only the one in the former (AR12473) case is found to be
eruptive, showcasing distinct differences compared to AR11176
in how instability parameters evolve throughout the simulation.

The effect of the driving duration is therefore investigated
only for the eruptive AR12473 MFR. We consider the cases
where the driving is stopped before the eruption takes place
and the cases where the driving continues while the eruption is
already in progress. This is done by systematically varying the
time when the boundary driving is stopped and the magnetic field
is allowed to evolve without additional stressing (henceforth

referred to as relaxation). Furthermore, to investigate whether
eruptivity is sensitive to the choice of the physics included in the
dynamical model, we also use the magnetic field configuration
at the time the driving is stopped as the input for a zero-beta
MHD model (Daei et al. 2023) in addition to the MFM. A pri-
ori, differences between the two are expected, as the approaches
differ, particularly in the way inertia of the plasma is modelled.
However, given that the MFM and MHD are commonly used
for coronal modelling, we set out to assess how significant these
differences are in practise.

We note that Price et al. (2020) studied the relaxation
behaviour of AR12473 using the TMFM approach for three
relaxation times, finding that two of them yielded a rising MFR,
with torus instability being the most likely cause for the eruption.
The present study involved a more in-depth stability analysis,
including different relaxation approaches, and a finer sampling
of relaxation times.

The paper is structured as follows. In Sect. 2, we outline the
data used, modelling setup, and the MFR properties that were
calculated, while in Sect. 3, we showcase the properties of the
simulated MFRs and their evolution. The results, along with
their implications, are discussed in Sect. 4. We summarise our
findings in Sect. 5.

2. Methods

2.1. TMFM model

This study analysed the magnetic field configurations of the
NOAA ARs 12473 and 11176. The 3D magnetic field data in a
coronal volume surrounding each AR is obtained by employing
data-driven, time-dependent magnetofrictional model (TMFM)
simulations. The main characteristic of the model is that the
velocity responsible for the dynamics in the corona is propor-
tional to the Lorentz force:

u =
1

ν

µ0 J × B

B2
, (1)

where B is the magnetic field, µ0 the vacuum magnetic per-
meability, J = 1

µ0
∇ × B the current density, and ν the factor

determining the proportionality between velocity and the mag-
netic forces, which is called the magnetofrictional coefficient.
The model is initialised with a potential field extrapolation and
subsequently evolves the magnetic field in the simulation vol-
ume using Faraday’s law with a nearly ideal Ohm’s law. Changes
at the photospheric boundary are being driven by the horizontal
electric field inverted from a time series of photospheric mag-
netograms of the AR (for more details, see Lumme et al. 2017;
Pomoell et al. 2019). The top and lateral boundaries are open,
so any structure can leave the domain. The domain extension
of the AR12473 simulation is 386× 254× 200 Mm, while for
AR11176, it is 800× 374× 300 Mm. Thus, the domain height
of these simulations is 200 and 300 Mm for AR12473 and
AR11176, respectively.

2.2. Relaxation set-up

As detailed in Section 3.2, an MFR forms in the TMFM simu-
lations of the ARs, but only for the case of AR12473 does the
model exhibit behaviour indicative of an eruptive structure; that
is, as stated in the introduction the MFR rises without decelera-
tion, and, finally, it starts exiting the modelling domain. There-
fore, the simulation for AR12473 allows us to investigate the
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Fig. 1. Schematic for our simulation setup, showing the relaxation pro-
cedure. For the fully driven cases, the yellow bar runs until the end of
the blue bars.

point in time when the magnetic field configuration exhibits
eruptive behaviour.

This analysis was performed by running a set of additional
model runs, denoted as relaxation runs, where the photospheric
driving is switched off at a specific time t0, that is, the horizon-
tal electric field responsible for evolving the photosphere is set
to zero beyond t0, Eh(x, y, z = 0, t ≧ t0) = 0. We systemati-
cally varied the relaxation time t0 and investigated how the MFR
subsequently evolves, given different initial magnetic field con-
figurations and representing different stages of its fully driven
evolution.

Furthermore, we evolved the system after time t0 using two
distinct modelling approaches (illustrated in Fig. 1): in approach
(1), we continued the computation employing the magnetofric-
tional prescription; in approach (2), we employed a zero-beta
MHD model from Daei et al. (2023). The zero-beta approach
relies on the assumption that the coronal plasma is magnetically
dominated, such that thermal pressure and gravity are negligible.
The initial flow speed is set to zero, while the initial density is
distributed such that the Alfvén speed is constant in the entire
domain. With this prescription, the initial dynamics in the zero-
beta MHD model are proportional to the TMFM speed and, thus,
the Lorentz force. More details on the numerical aspects and
transfer from the initial TMFM conditions to the MHD model
are presented in Daei et al. (2023).

Utilising both the MFM and zero-beta MHD relaxation
approaches enabled us to investigate whether the eruptivity of
a given configuration is sensitive to the chosen physical model
and, if so, how significant the differences are. All models use the
exact same spatial resolution, as detailed in Daei et al. (2023).

We ran nine MFM and 11 MHD relaxations in addition to
the two fully driven TMFM simulations, resulting in 22 simu-
lations to analyse. The fully driven AR12473 TMFM simula-
tion ran from 22 Dec. 2015, 23:36 UT to 2 Jan. 2016, 12:36 UT
(Price et al. 2020). The relaxation times spanned from 27 Dec.
2015, 12:36 UT to 29 Dec. 2015, 12:36 UT (with a cadence of
six hours between the different relaxation times) for MFM and
from 27 Dec. 2015, 00:36 UT to 29 Dec. 2015, 12:36 UT for the
MHD relaxation (using the same cadence of relaxation times).
The AR11176 TMFM run spanned from 25 Mar. 2011, 4:00 UT
to 1 Apr. 2011, 18:00 UT.

To simplify the notation, we shortened the notation of the
starting time of a given relaxation run to include only the day and
hour, for example, 27 Dec. 2015, 12:00 UT becomes “27−12”.
The relaxation setups are summarised in Table 1. All (T)MFM
simulations were analysed on a cadence of six hours.

We note that we cannot directly compare MHD relaxation
runs with MFM relaxation runs or the fully driven TMFM runs

Table 1. Overview of relaxation runs of AR12473.

Acronym Relaxation time MFM MHD

27–00 27 Dec. 2015, 00:36 X
27–06 27 Dec. 2015, 06:36 X
27–12 27 Dec. 2015, 12:36 X X
27–18 27 Dec. 2015, 18:36 X X
28–00 28 Dec. 2015, 00:36 X X
28–06 28 Dec. 2015, 06:36 X X
28–12 28 Dec. 2015, 12:36 X X
28–18 28 Dec. 2015, 18:36 X X
29–00 29 Dec. 2015, 00:36 X X
29–06 29 Dec. 2015, 06:36 X X
29–12 29 Dec. 2015, 12:36 X X

because the timescales of dynamics in these two modelling
approaches differ (see also Wagner et al. 2023). The MFM sim-
ulations were run until the same final time as in the fully driven
simulation (i.e. until 2 Jan. 2016, 12:36 UT), while for the MHD
simulations, we analysed the results over a time span during
which the magnetic field was undergoing a qualitatively simi-
lar evolution (corresponding to the first 30 outputs after the start
of the relaxation).

2.3. Flux rope-extraction scheme

A method to extract the relevant portion of the 3D magnetic
field is needed in order to analyse the properties of the MFRs
in the model output. In this work, we used the MFR extraction
and tracking tool GUITAR (Wagner et al. 2024b), which follows
the scheme presented in Wagner et al. (2024a). We briefly sum-
marise the algorithm here. First, the twist number Tw is calcu-
lated in the modelling domain via a code adapted from Liu et al.
(2016) and evaluated in a 2D slice (we refer to the resulting maps
as twist maps). The twist number is defined as follows:

Tw =

∫
L

µ0J‖

4πB
dl, (2)

with J‖ being the component of the current density parallel to
the magnetic field and L the field line of interest. It quantifies the
amount that two infinitesimally close field lines turn about each
other (Berger & Prior 2006) and is a commonly used approxima-
tion for the winding number (Liu et al. 2016). The plane is cho-
sen (visually) for the 2D slice such that it cuts through the MFR
(see Wagner et al. 2024a for details on the geometry of the cut-
ting planes for the AR12473 and AR11176 runs). Alternatively,
one could also calculate the winding number Tg, which mea-
sures the winding of magnetic field lines about a chosen axis.
The calculation of Tg is, however, non-trivial (e.g. Price et al.
2022), and as large amounts of twist maps were needed in this
study, we opted to use Tw.

Due to the varying complexity in the evolution of Tw during
the course of the simulation, we made use of mathematical mor-
phology (MM) methods to extract the MFR throughout the time
series. These image processing and feature recognition tools
compare image elements to structuring elements (SEs), which
are predefined geometrical shapes. The erosion and the dilation
algorithm are two fundamental procedures of the MM tool set.
The erosion of a binary image X is defined as ǫA(X) = X ⊖ A,
which is the collection of all centre points a of the SE A, such
that A is fully included in X. The dilation, on the other hand, is
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defined as δA(X) = X ⊕ A, which is the union of all the centre
points a of the SE A, such that A and X have non-zero overlap.
Finally, these algorithms can be combined in various ways; for
example, to form the opening algorithm: γA(X) = δA(ǫA(X)).

We used them, for example, to sharpen the features of the
twist maps to stabilise the thresholding procedure (morphologi-
cal gradient) and separate connected features in the maps (open-
ing algorithm). After the MM processing, a threshold is applied
to identify a set of seed points of the magnetic field lines. We
note that as some MFRs were inherently more twisted than oth-
ers, we applied the following threshold ranges: T MFR

w ∈ [0.6; 0.8]
for the relaxation runs and T MFR

w = 0.8 and T MFR
w = 0.4 for the

fully driven TMFM runs for AR12473 and AR11176, respec-
tively. The resulting shapes (i.e. the MFR cross-sections in the
chosen plane) are associated based on their overlap between con-
secutive frames. This procedure lets us track the evolution of
a particular MFR throughout the simulation. Subsequently, we
sampled source points from the extracted MFR regions and visu-
alised their magnetic field lines. Further details on the method
are provided in Wagner et al. (2024b).

2.4. Stability properties

To gain insight into potential reasons for the eruptivity of the
MFRs, we analysed the twist number and decay index, the quan-
tities of importance for triggering the kink instability (twist num-
ber), and the torus instability (decay index). The twist number
Tw is directly obtained as part of the MFR extraction scheme
(see Eq. (2) in Sect. 2.3).

The distribution of Tw can vary inside a given MFR; thus, we
computed the average of Tw over all field lines contained in the
MFR (similar to, e.g. Zhong et al. 2021; Duan et al. 2022). As
discussed in the introduction, the critical value for the twist num-
ber (T c

w), when the MFR is expected to become kink-unstable,
depends on the MFR geometry and magnetic configuration (see,
e.g. Török et al. 2004). Therefore, we focused on evaluating
the evolution of this quantity during the course of the simula-
tion. However, we provide a reference value in the figures of
Tw = 1.25, which is the critical number of field line turns for
a force-free cylindrical MFR with uniform twist, as derived by
Hood & Priest (1981).

As discussed in Sect. 2.3, a more exact quantification of the
MFR twist is the winding number Tg. However, due to the large
number of simulations, Tw was chosen over Tg for computational
efficiency. Furthermore, Tw and Tg are known to follow similar
trends, aside from possible systematic differences in their mag-
nitudes (see, e.g. Duan et al. 2022, who found a systematic offset
of 0.4 turns between the two). Since our focus here is on the evo-
lutionary trends of the instability parameters, this difference does
not affect our study.

To investigate the behaviour of the magnetic field surround-
ing the MFR, we calculate the decay index n as follows:

n = −R
d ln(Bex)

dR
, (3)

where R is the height above the photosphere and Bex is the exter-
nal (i.e. surrounding the MFR) magnetic field. The external mag-
netic field Bex is estimated by calculating the overlying magnetic
field via a potential field extrapolation using the photospheric
magnetic field data (see, e.g. Zuccarello et al. 2014; Guo et al.
2010). We evaluated this parameter in the same plane as the
Tw-maps in our extraction scheme using the horizontal compo-

nents of the magnetic field (B
pot
x and B

pot
y ) from the potential

field. To estimate the decay index affecting the MFR, we cal-
culated n near the MFR centre. In more detail, we took the value
of n at the centre of the MFR cross-section in the plane of our
twist maps. We compared this value against n, an average over a
rectangle centred around the MFR midpoint, with the width and
height chosen to be one-fifth of the corresponding dimensions
of the cross-section of the MFR. Since the values obtained using
these two approaches are identical to within 2%, we conclude
that there are negligible variations of n close to the MFR cen-
tre (see Appendix A). Thus, we used the value of n at the MFR
centre in our analysis. As for the twist parameter, we indicate a
reference using a value of n = 1.5 – the limit for a circular, thin
current channel (Démoulin & Aulanier 2010), in agreement with
previous studies (e.g. Zuccarello et al. 2016; Sarkar et al. 2019).

In addition to the magnetic field parameters, we calculated
the evolution of the geometric parameters of the MFR, specifi-
cally the cross-section and height in the twist-map planes. This
allowed us to track how MFRs grow and move through the sim-
ulation domain.

3. Results

3.1. General MFR appearance

An overview of the magnetic field structure of the extracted
MFRs of the fully driven TMFM runs is shown in Fig. 2. The
AR12473 MFR forms a very coherent structure, but as already
found in Wagner et al. (2024b), it consists of at least two entan-
gled MFRs. This can be best seen from the early stage snap-
shot in Fig. 2 where a set of field lines connecting to the same
region of negative polarity Bz is rooted in a different region of
positive Bz to the main bulk of field lines. As the MFR evolves,
these two structures progressively merge, which is evident from
the migration of the inner positive foot points towards the outer
ones. Furthermore, the MFR appears to be erupting, as it moves
towards the top boundary and eventually starts to exit the simu-
lation domain.

The AR11176 MFR also appears coherent and consists
of two main structures: a core bundle of twisted field lines
enveloped by less twisted field lines around the apex region.
As the simulation progresses, the MFR visually appears to rise,
which is primarily due to expansion rather than an increase in
height. Notably, the envelope grows larger and becomes progres-
sively twisted, while the twist in the core progressively drops,
which is consistent with our previous findings (see Fig. 5 in
Wagner et al. 2024a).

A set of representative snapshots from the relaxation simu-
lations is presented in Fig. 3. The MFM MFRs appear slightly
more coherent than the MHD MFRs and notably less twisted,
especially in the later stages. The MFM MFRs rise higher the
later the chosen relaxation time is. The MFR in this early relax-
ation run barely changes height, while the two other examples
with the relaxation taking place at later times rise (see top 2 rows
of Fig. 3). Furthermore, the MFRs in the runs using later relax-
ation times grow thicker compared to the MFR in the run using
the earliest relaxation time. Compared to the MFM relaxation
runs, the MFRs extracted from the MHD relaxation runs appear
significantly more twisted and less coherent, though with simi-
lar sub-structures. There is yet again a set of field lines present
connecting to a different region of positive polarity magnetic field
at the photospheric level; this connection is present throughout the
MFR evolution. The most striking difference, however, is that the
height reached by the MFRs in the MHD relaxation simulations
does not depend as clearly on the chosen relaxation time.
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Fig. 2. Characteristic snapshots of TMFM run of AR12473 (top) and AR11176 (bottom). Field line colouring is based on seed-point location,
chosen for appropriate contrast. The Bz component of the magnetic field is plotted at the bottom boundary, with the conventional grey-scale colour
scheme (positive polarity in white, negative polarity in black; the respective maximum and minimum colour values are at 0.3T and −0.3T).

3.2. Fully driven MFM simulation runs

The evolutionary trends of the cross-sectional area, apex height
(calculated here as an average of the field lines within 5 Mm of
the ‘true apex’ to minimise the effect of outliers), average twist,
and decay index of the magnetic flux rope in the fully driven sim-
ulation are shown in Fig. 4. The MFR cross-sectional area for
AR12473 (black curve) in the cutting plane (see Section 2) grows
monotonically until around 28 Dec. 2015 at 06:00 UT (frame 17),
after which it first tentatively plateaus and then rises again until the
MFR approaches the top of the modelling domain. At this point,
the growth of the cross-section abruptly stops and declines as the
MFR starts leaving the simulation domain. A qualitatively sim-
ilar trend is observed for AR11176 (red curve), with the MFR
more or less continuously growing until the end of the simulation.
This figure demonstrates that the AR11176 MFR is significantly
thicker than the AR12473 MFR throughout the simulation.

The average Tw of the AR12473 MFR first rises sharply dur-
ing the formation phase and stabilises afterwards, with only a
moderate increase towards the end of the simulation. However,
the reference line set at Tw = 1.25 is not reached, remaining
at values below 1.1 turns. There are some notable fluctuations
such as the extended dip that occurs within the time window
of the chosen relaxation times. The AR11176 MFR features a
strong early peak of average Tw, but it falls to low values of
almost 0.5. This peaking and subsequent drop of average Tw

likely results from our detection method, which only captures the
twisted MFR core in the early stages (see Wagner et al. 2024a
and the twist map evolution of AR11176 in the supplementary
material), while it also captures the weakly twisted surrounding
fields in the later phases; these gradually become more twisted.
At this point (frame 6), Tw then rises again but stays below 0.8,
while the rate at which Tw increases falls off.

The height of the AR12473 MFR increases monotonically,
similarly to the cross-sectional area. The saddle point-like fea-
ture is also visible at the same time step, but it is less pro-
nounced than in the cross-section area evolution. Towards the
end of the simulation, the MFR apex rise stops at about 200 Mm
when the top of the modelling domain is reached. The AR11176

MFR height evolution, in turn, features a sudden jump in the
early stages (similar to the above, related to the MFR extraction
method ‘suddenly’ including surrounding twisted fields). Except
for a few outliers, the MFR continuously rises, reaching 200 Mm
at the end of the simulation (we note that the domain height
for this particular simulation is 300 Mm). It is, however, evident
from Fig. 2 (as well as Fig. 5 in Wagner et al. 2024a) that the
increasing height is attributed to the MFR growth, rather than
the MFR rising as a whole.

Finally, Fig. 4 shows the decay index at the MFR centre over
time for both fully driven simulations. The AR12473 MFR forms
at around n = 0.5. First, the decay index remains roughly stable
around this value, but as the MFR grows and rises, n increases
linearly. At the later stages, close to the latest chosen relaxation
times, the decay index increases rapidly, still exhibiting linear
behaviour but with a considerably steeper slope than earlier. The
AR11176 MFR shows a quicker initial rise in n, which aligns
with the evolution of the other studied parameters. However,
when the indicated reference line n = 1.5 is approached, the evo-
lution of n stabilises, with only a weak increase until the end of
the simulation. This is a stark contrast with the AR12473 MFR,
which experiences a substantial increase in n.

3.3. Magnetofrictional relaxation runs

Figure 5 shows the same quantities as a function of simulation
frames for the AR12473 MFM relaxation runs as were given in
Fig. 4 for the fully driven runs. Here, the data is plotted as a func-
tion of time from the start of the relaxation (which varies from
case to case), thus showing how each initial condition evolves
from the time of the start of the relaxation. We note that the sim-
ulation has been run in all cases until the same end time as the
fully driven run. As a result, each MFM relaxation run has a dif-
ferent duration and total frame count, with the temporal cadence
of the output chosen to be identical for all runs.

The figure clearly shows that the MFR parameters evolve
in time rather smoothly without abrupt changes. Firstly, the top
left panel shows that the MFR cross-sectional area is larger the
later the relaxation time is chosen, with only a few exceptions.
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Fig. 3. Characteristic snapshots of MFM and MHD relaxation runs of AR12473. The right column shows runs initiated with the TMFM state on
27 Dec. 2015 at 12 UT, the middle column shows those initiated with the TMFM state on 28 Dec. 2015 at 12 UT, and the left column shows those
initiated with the TMFM state on 29 Dec. at 12 UT. The first two rows display the early and late stages of the MFM relaxation MFR, while the last
two rows show the early and late stages of the MHD relaxation MFR. Axes, viewing angle, and Bz colouring are equivalent to Fig. 2.

Naturally, those MFRs that reach the top of the simulation
domain before the simulation ends show a significant decrease
in their cross-section from that point onwards.

In contrast to the fully driven case, the average twist of the
MFRs in the MFM relaxation (top right panel) either decreases
for the entire modelling duration (earlier relaxation times) or first
increases and then decreases (later relaxation times). Mostly,
the variations during the runs are small, especially for the mid-
dle and later relaxation times, for which the twist value stays
approximately constant in time. We point out that the three latest
relaxation times produce MFRs that showcase a notably higher
average twist and are the only ones reaching Tw > 1. However,
none of the MFM relaxation MFRs reach the reference line set at
Tw = 1.25, with the highest values being Tw ≈ 1.1 for the latest
(29−12) MFM relaxation run.

The height evolution, shown in the bottom left panel, indi-
cates that all mid and late-stage relaxation times produce a ris-
ing MFR (curves with orange- and yellow-shaded background in
Fig. 5). The earlier relaxation times show a stagnation towards
the end, indicating that the MFR evolution stabilises. Thus, the
early MFM relaxation MFRs settle at a given height (purple

shaded background). The height for the earliest relaxation time
(27−12) even shows a slight decreasing trend in the last frames.
Interestingly, the time at which the height of the early-stage
relaxation time MFRs start to stagnate roughly coincides with
the decrease in the cross-sectional area.

Lastly, the decay index evolution, displayed in the bot-
tom right panel, shows an approximately linear behaviour for
the late-stage relaxation runs, while the mid- and early-stage
ones show a decelerating increase that eventually ends in a lin-
ear phase as well. It is again notable that the curves for the
three latest relaxation times (29−00, 29−06, 29−12; i.e. yellow
shaded areas in Fig. 5) have considerably steeper slopes in their
linear phase than the other cases. We note that the linear evolu-
tion is halted by the MFRs encountering the top of the simulation
domain, after which their central point changes only marginally.
However, only the earliest MFM relaxation MFR (27−12) stays
clearly below the reference line of n = 1.5, while the 27−18 run
MFR barely reaches it in the very late stages of the simulation.
For all other cases, the decay index curves are clearly above the
reference line, with those corresponding to the two latest relax-
ation times placed above it from the beginning.
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Fig. 4. MFR Properties for fully driven TMFM MFRs of AR12473
(black) and AR11176 (red). The AR12473 relaxation windows are indi-
cated with vertical lines. The MFM relaxation runs start at 27−12 (grey
line), while the MHD runs start at 27−00 (dotted blue line). The latest
relaxation time for both cases is 29−12, marked by the blue vertical line.
Dotted black horizontal lines highlight reference values of Tw = 1.25
and n = 1.5 in the respective panels.

Fig. 5. MFR properties for MFM relaxation runs of AR12473. The
colours of the curves indicate the time at which the relaxation started;
blue and purple indicate that the relaxation start is chosen at ear-
lier times from the fully driven case, and, correspondingly, yellowish
colours indicate a later starting time. MFRs that evolve similarly (quan-
titatively and/or qualitatively) have a shaded background. The starting
point of each curve is synchronised to the relaxation time.

3.4. MHD relaxation runs

The properties of the MFRs in the MHD relaxations, displayed in
Fig. 6, show more erratic evolution compared to the MFM sim-
ulations. For example, in some cases the evolution of the cross-
section appears to exhibit a jump that is a result of the MFR
encountering the top of the domain (see height evolution in the
panel below) or from the extraction procedure. Here, to retain
the coherence of the MFR, it was necessary to cut off some pre-
viously attached MFR features that stopped following the evo-

Fig. 6. Same as Fig. 5, but for MHD relaxation run MFRs of AR12473.

lution of the main large-scale structure from the twist maps by
using a series of MM algorithms (opening).

The cross-sectional MFR area curves in the selected extrac-
tion plane (see Sect. 2) show a (quantitatively) large separation
between the latest and earliest relaxation time MFRs through-
out the simulation. For the runs with relaxation start times
falling between 27−12 and 28−18, in contrast to MFM relax-
ation results, the cross-section area curves are clustered together
following a very similar evolution (see orange shaded areas).
However, most cross-sectional area curves for MHD relaxation
runs exhibit a similar trend regardless: a slow increase or stag-
nation during the first frames, followed by an extended period of
rapid and approximately linear increase that then levels off. The
slopes in the linearly increasing phases become steeper the later
the relaxation time is chosen.

Except for a brief stagnation at the start of each simulation,
the average MFR twist curves in the MHD relaxation simula-
tions show a predominantly increasing trend for all relaxation
times. This is in strong contrast with the mainly decreasing
trends found for the MFM relaxation runs. Similarly to the MHD
cross-sectional area, the average twist is not entirely organised
according to the relaxation time choice, particularly in the mid-
range. Furthermore, for the three latest and the 27−12 relaxation
time runs, the mean twist curves reach above the reference line
of Tw = 1.25. A few other curves also reach or slightly pass the
reference curve in the later stages of their respective simulations.

The height evolution shows similar trends to the cross-
sectional area (until the possible encounter with the top bound-
ary). First, there is a short phase where the MFR height stag-
nates. After this initial phase, the MFRs rise rapidly, followed by
a phase where the increase in height becomes linear with a rela-
tively steep slope. Eventually, they transition into another linear
phase with a shallower slope. This last phase tends to be more
distinct for later relaxation times. It is also notable that the dura-
tion of the rapid rising phase is shorter for the earliest relaxation
times (27−00 and 27−06). The slopes of the linear phases also
differ. For example, the mid-relaxation times (between 28−00
and 28−18) have particularly shallow slopes (lower acceleration)
in the late stages than earlier ones, and 27−12 and 27−18 MHD
MFRs eventually overtake them.

The decay index evolution appears similar to the early
stages’ height and cross-sectional evolution curves. They also
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Fig. 7. MFM (red) and MHD (blue) relaxation MFR properties at the
end of the simulation (EOS). The ending time corresponds to the end-
ing time of the fully driven simulation for MFM, while for MHD it
corresponds to the 30th frame after relaxation. Points for MFRs, which
interact with or exit the domain at the end of the simulation, are trans-
parent.

exhibit the same behaviour as observed for the other parame-
ters in both MFM and MHD runs, being that there is a notable
gap between most of the runs and the properties of the MFRs in
the latest three relaxation runs. This is highlighted with the yel-
low background colouring in Fig. 6. Furthermore, the mid-stage
relaxation times cross with the early-stage relaxation time curves
in the later stages of the simulation – except for the two addi-
tional very early-stage MHD runs. In contrast to the MFM decay
index evolution curves, all MHD-run MFRs eventually surpass
the reference line of n = 1.5. Additionally, not even the earliest
relaxation times saturate at a constant level, as is the case for the
MFM runs.

3.5. Comparison of end-of-simulation properties

To understand how the investigated MFR properties evolve, the
final values at the end of the simulation (EOS) as a function of
the chosen relaxation start time is shown in Fig. 7. For MFM
runs, all parameters show an approximately linearly increasing
trend, reaching higher values the later the relaxation time is cho-
sen. Exceptions are simulations in which the MFR reaches the
top of the domain and starts to exit, directly influencing the MFR
cross-section, and limits the MFR height to about 200 Mm (see
transparent data points). As already suggested by Fig. 6, the MHD
relaxation EOS properties show a more complex behaviour than
the runs employing MFM relaxation. They only increase until the
relaxation time 27−12, where the curves have a local maximum
(for the cross-sectional area this occurs at 27−18). The curves
then dip, achieving their local minimum at 28−06. Afterwards,
the properties increase again, although saturation again sets in for
those MFRs that reach the top of the domain.

Interestingly, the evolution of MHD relaxation EOS quanti-
ties resembles the evolution of the average twist profile of the
TMFM simulation in Fig. 4 in the relaxation time window. It
features the local maximum at 27−12 followed by an extended
dip, after which Tw increases again. However, the local mini-
mum here is at 28−12 (frame 18 in Fig. 2). This point also corre-

sponds to the saddle point in the height and cross-sectional area
evolution.

4. Discussion

In this work, we employed an extraction method to analyse the
evolution of the magnetic flux ropes (MFRs) in the modelling
results, developed in Wagner et al. (2024a). We note that the
results further demonstrate that the scheme is suited for the time-
efficient analysis of large batches of simulation data. Manual
post-processing was used only in cases where it was absolutely
necessary and was done in a systematic way by applying mathe-
matical morphology (MM) algorithms such as the morphological
gradient and the opening algorithm.

4.1. Flux rope properties in the TMFM run

The MFRs extracted from the fully driven TMFM simulations of
AR12473 and AR11176 (properties depicted in Fig. 4) show a
continuous increase in the geometric properties (cross-sectional
area, height) and magnetic field-instability-related properties,
except for an early spike in Tw for the AR11176 run. This initial
spike is due to the small size of the MFR at the beginning and
the way it was formed. As discussed in Wagner et al. (2024a),
the MFR in this event forms at a height of approximately 50 Mm
from initially untwisted field. After formation, field lines sur-
rounding the core are gradually more twisted. Consequently,
the extraction algorithm first captures solely the highly twisted
core, resulting in a Tw spike; after this, when surrounding (ini-
tially significantly less twisted) fields are recognised as part of
the MFR, the average Tw drastically drops. Later, Tw gradually
increases when the twist in the surrounding field increases. The
somewhat monotonous and slow rise of the MFR from about
100 Mm onwards, after its complex initial phase, suggests that
the MFR has fully formed at this stage (frame 10). The AR12473
MFR, in turn, forms quickly and at considerably lower heights.
Other crucial differences between the MFRs in AR11176 and
AR112473 are the rate at which the values of the investigated
properties increase and the final values attained. In particular,
the height and decay index for AR11176 MFR increase notably
slower. It is important to note that the increase in height of the
AR11176 MFR is primarily due to its strong expansion, as is
evident from the cross-sectional area evolution, rather than the
MFR rising. The AR11176 MFR is also notably less twisted than
the AR12473 TMFM MFR. Combined, these findings imply that
AR11176 MFR was non-eruptive, while there is strong evidence
that the MFR in AR12473 erupts and that torus instability is the
most probable cause. Most notably, in the later stages of the
simulation, the MFR height and cross-sectional area increase
quickly, along with a rapidly rising decay index well past the
reference value. The slow increase of Tw and its value staying
clearly below the reference level suggest that kink instability
playing an essential role in the eruption is unlikely.

4.2. Flux rope properties in the MFM relaxation runs

The MFM relaxation MFR properties of AR12473, displayed in
Fig. 5, show a remarkably smooth evolution. The curves in the
figure are also ordered according to the relaxation times, which
can also be seen in the properties at the end of the simulation
(EOS) in Fig. 7.

Some distinct differences in the behaviour of the curves are
clear, however. The cross-sectional area for the three latest MFM
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relaxation MFRs displays a strong linear increase throughout the
simulation until the domain boundary is reached. The MFRs in
the earlier runs begin with a comparable growth rate, but their
growth decelerates as the simulation progresses, and for the ear-
liest relaxation time, it even turns into a decrease in the cross-
sectional area in the later stages. These systematic differences
are marked with different background colours in Fig. 5.

The MFM MFR twist, in turn, stays approximately at the
same level or decreases. This decreasing trend might be tied to
the nature of the model, which evolves towards a minimum-
energy force-free state according to Yang et al. (1986). Thus,
eruptivity is only expected when the MFRs have been driven to
a point where the most energy-efficient path of evolution is an
eruption. As the average Tw does not exhibit explosive behaviour
in the fully driven TMFM case, it is expected that such behaviour
does not occur in the MFM relaxation runs either.

All MFM relaxation MFRs start rising approximately lin-
early at the start of the simulation. The linear increase in height
is only sustained, however, for the relaxation simulations that
are started at later times (28−12 and later). These are the MFM
MFRs that we consider to be eruptive. The MFRs in the relax-
ation simulations initiated earlier in the evolution of the AR
already show deceleration in the early-to-mid stages of the simu-
lation. This quasi-stabilisation coincides with the time that their
cross-sectional areas stabilise and start to decrease. The runs
initialised from late- and mid-stage relaxation times (28−12
onward) have decay index values reaching at least about n = 2.
Combined with the observed trends in the evolution of cross-
section and height, this is a strong indicator that this set of MFRs
erupt due to the torus instability. In contrast, the MFRs in the
relaxation runs started at earlier times in the AR evolution were
likely not in a state that favours eruption in the MFM approach.
The trends and attained values in the computed average Tw pro-
files indicate that as in the TMFM case, the kink instability does
not play a crucial role in destabilising these MFRs. We note
that while some studies suggest that a combination of kink and
torus instability may be necessary to destabilise specific mag-
netic field configurations (Myers et al. 2015; Zhong et al. 2021),
this is not a general requirement (see, e.g. Fan & Gibson 2007;
Aulanier et al. 2010; Kliem et al. 2013). The above results are
consistent with those presented in Price et al. (2020).

Furthermore, a ‘phase transition’ is visible in Fig. 5; there
is a significant gap caused by an abrupt change in the behaviour
between two subsequent evolutionary curves for relaxation times
28−18 and 29−00 (see coloured background). This is partic-
ularly apparent for the cross-sectional area, twist, and decay
index. However, both the 28−18 MFM MFR and the 29−00
MFM MFR exhibit eruptive behaviour, demonstrating that con-
tinued driving past the eruptive point may still significantly influ-
ence the MFR evolution.

4.3. Flux rope properties in the MHD relaxation runs

The MFR properties derived from the MHD runs (height, twist,
cross-section and decay index), displayed in Fig. 6, all grow
throughout the simulation, but exhibit some significant varia-
tions. Overall, its erratic evolution is consistent with the MHD
model being generally more dynamic than the MFM. The most
notable difference compared to the MFM relaxation MFR pro-
files is found in the average twist evolution. Despite the lack of
driving, the MHD MFRs accumulated twist throughout the sim-
ulation, while for the MFM cases, the twist typically decreased.
As this accumulation starts in the early phases, it is there-
fore not tied to interactions with the boundaries of the mod-

elling domain. Further inspection of the twist distribution within
AR12473 MHD MFRs reveals that these MFRs are consider-
ably less uniformly twisted than the MFRs in the MFM runs.
This difference is particularly apparent when comparing with
the AR11176 TMFM MFR, which also starts out with a high-
twist region, enveloped by less twisted surroundings. While in
the TMFM MFR Tw spreads to surrounding regions, the highly
twisted regions in the MHD MFRs do not dissipate, but keep
expanding on their own and maintaining their twist. This may
ultimately explain the overall higher Tw in the MHD cases com-
pared to (T)MFM ones.

For some MHD runs, we found that parts of the initially
coherent MFR structure became separated and started to evolve
in a different manner. These regions were excluded from the
extraction procedure, which ultimately leads to the jumps that
are particularly pronounced in the MHD cross-section evolution
around frame 25. Such cases could be explained by magnetic
reconnection detaching part of the original structure.

Despite the MFRs becoming partly detached and their cross-
section growth stabilising, they keep rising at least linearly
throughout the simulation domain, even for the earlier relax-
ation times. Based on the behaviour and values of the investi-
gated parameters, we can conclude that all MHD MFRs exhibit
eruptive behaviour, despite notable transitions in the evolution
curves between some runs (see shaded backgrounds in Fig. 6).
This is in contrast to the findings in Daei et al. (2023), where
earlier MHD relaxation times yielded non-eruptive MFRs. As
with the MFM case, the three latest relaxation times produce
MFRs with notably different properties and profiles than the ear-
lier ones. They are larger and more twisted, rise faster and to
higher altitudes, and reach higher values of decay index. The
‘phase transitions’ in the MHD MFR evolution curves are, how-
ever, more quantitative in nature rather than qualitative as in
the case of the MFM relaxation runs. In contrast to the MFM
relaxation runs, the MHD runs also suggest that kink instabil-
ity could have contributed to the destabilisation of some of the
MHD MFRs (the reference value was exceeded both for the lat-
est relaxation times and also some earlier times). However, the
torus instability is still the scenario most likely to have kept the
MFR in an unstable configuration, given the attained values of n.

As mentioned in Sect. 3, the MHD MFRs’ twist, decay index,
and cross-sectional areas do not necessarily reach higher values
the later the relaxation time is chosen. Instead, the EOS proper-
ties show a local maximum at earlier relaxation times in Fig. 7.
The MHD EOS curves interestingly follow the same evolution
as the average twist of the fully driven AR12473 TMFM MFR
in the corresponding time window. Since the magnetic config-
urations of the TMFM MFR serve as initial conditions for the
relaxation runs, it hints that the twist, which is already present

in the MFR at relaxation, might be the governing parameter
for MHD MFR evolution. We note, however, that the similarity
between the TMFM twist curve and the MHD relaxation proper-
ties at EOS is approximate, and one would need further studies to
confirm or disregard this theory. Additionally, for the erratic Tw

evolution, it does not seem clear if the ordering would change if
the simulation time were expanded even further.

Our analysis shows that MHD and MFM handle the same
initial conditions very differently, and eruptivity in MHD does
not necessarily translate into eruptivity in MFM. While differ-
ences are expected due to the different physics prescribed, the
interplay of various effects is not obvious, a priori. For exam-
ple, MHD generally evolves more dynamically, but on the other
hand and in contrast to the MFM, it contains mass that needs
to be moved. Moreover, for eruptive cases, the contributing
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instabilities may also change depending on the model. Further-
more, there are notable differences if driving is sustained beyond
the point of eruptivity, as phase transitions in the MFR property
profiles indicate. Our results thus highlight that care has to be
taken both with the data-driving aspect and the actual modelling
approach used for (data-driven) coronal magnetic field simula-
tions. While it is clear that driving is critical for producing an
eruption and that the duration of the driving affects MFR evolu-
tion, an important question remains, that is, how long does the
data-driving need to be sustained to produce the most realistic
MFRs (i.e., those that best match with the observations)?

5. Conclusion

In the present work, we investigated the effect of data driving
on the evolution and eruptivity of magnetic flux ropes for two
active regions, AR12473 and AR11176. We performed for both
cases fully data-driven time-dependent magnetofrictional model
(Pomoell et al. 2019) runs and for the eruptive AR12473, we
performed a series of relaxation runs using magnetofrictional as
well as zero-beta magnetohydrodynamic approaches, where we
systematically varied the relaxation times.

The MFR evolution and eruptivity analysis was based on
the evolution of geometrical MFR properties (cross-section and
height) combined with stability properties (twist and decay
index). Studying the evolution of characteristic MFR proper-
ties helps in assessing their eruptivity in the absence of exact
knowledge of critical instability parameter thresholds (which are
known only for idealised cases). In particular, exploring phase
transitions and evolution of MFR key properties (increases in
height, size, etc.) and instability parameters proved to be a pow-
erful diagnostic tool for determining MFR eruptivity in our sim-
ulations. Our main findings are listed below.

1. There are notable differences between the dynamics of the
MFRs in the relaxation runs that use the MFM and zero-
beta MHD. Not only do they evolve differently (more erratic
evolution and significant accumulation of twist in the MHD
cases when compared to MFM), but the MHD MFRs were
found to be considerably more eruptive despite starting
from the same initial magnetic field configuration. This is
not unexpected due to the nature of the models. However,
considering that both approaches are commonly used in
magnetic-flux-rope studies, our results emphasise that in the
context of modelling eruptivity is not necessarily a general
property of some initial magnetic field configuration, it can
also be influenced by the physical prescriptions of the used
model.

2. For the eruptive MFRs in the MFM relaxation runs we
found that the twist metric Tw was rather low and stagnat-
ing (between 0.9 and 1.1), while the decay index reached
two and beyond. This implies that the torus instability was
the likely trigger for the eruptions. For the eruptive MHD
cases, the torus instability also appears to be the likely trig-
ger. However, some MFRs show significant twist in the mag-
netic field, making it difficult to rule out a contribution from
the kink instability to the eruption.

3. Sustaining the driving beyond the point of eruptivity can sig-
nificantly influence the evolution of MFRs. This can be seen
by notable gaps and differences in the evolution profiles of
MFR properties between sets of eruptive MFRs (relaxed at
different times). Until which point driving must be contin-
ued to most accurately reproduce the physical reality of a
solar eruption is therefore a question to consider.
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Fig. A.1. Peak Tw for MFM and MHD relaxation simulation MFRs.
Colouring as Fig 5 and Fig 6.

Appendix A: Peak twist and average n

To complement and solidify our analysis, we show the evolution
of Tw and n, when using different methods of obtaining said
parameters. First, we calculated the peak twist within the
relaxation MFRs in Fig. A.1. As expected, the values are
higher and fluctuate notably stronger than in the averaged case.
However, the separation of profiles are astonishingly similar
in the MFM case, with the non-eruptive MFRs clustering at
around T max

w ≈ 1.5, while the two sets of eruptive MFRs attain
maximum twist values of about T max

w ≈ 1.8 and T max
w > 2. The

trends are also similar to the average Tw trends, showing mostly
declining and stagnating profiles. In the MHD relaxation MFRs,
the peak twist values are, as in the average Tw case, notably
higher than for the MFM relaxation runs. They also exhibit no
clear gaps, barring some outliers in the profiles of the earliest
and latest relaxation runs. We note that the profile of the 29-12
MHD relaxation run contained some outliers in the late stage
of the simulation, which were removed in Fig. A.1. Similarly,
as Duan et al. (2022), we would argue that the more reliable
indicator of kink instability is given when taking the twistedness
of the whole MFR into account instead of a singular peak value,
as it is not representative of the twist distribution of the full
MFR structure.

Finally, we show the differences between the decay index n
at a singular location, the MFR centre (coloured lines), and aver-
aged in a box around this value (dashed lines) in Fig. A.2. The
box was chosen such that its length equals a fifth of the MFR
cross-section length and height equals a fifth of the MFR cross-
section height. The differences are negligible and only become
visible in cases where the MFRs encounter the top of the mod-
elling domain, namely the latest two relaxation times. For this
reason, no further investigation on the averaged decay index has
been taken as the differences are negligible.
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Fig. A.2. Comparison between decay index calculated at the location
of the MFR centre (coloured lines) and calculated in a box around the
MFR centre (dashed lines). Colouring as Fig 5 and Fig 6.

A74, page 11 of 11


	Introduction
	Methods
	TMFM model
	Relaxation set-up
	Flux rope-extraction scheme
	Stability properties

	Results
	General MFR appearance
	Fully driven MFM simulation runs
	Magnetofrictional relaxation runs
	MHD relaxation runs
	Comparison of end-of-simulation properties

	Discussion
	Flux rope properties in the TMFM run
	Flux rope properties in the MFM relaxation runs
	Flux rope properties in the MHD relaxation runs

	Conclusion
	References
	Peak twist and average n

