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Modelling the early evolution of magnetic flux ropes (MFRs) in the solar
atmosphere is crucial for understanding their destabilization and eruption
mechanism. Identifying the relevant magnetic field lines in simulation data,
however, is not straightforward. In previous work an extraction and tracking
methodwas developed to facilitate this task. Here, we present the corresponding
graphical user interface (GUI), called GUITAR (GUI for Tracking and Analysing flux
Ropes), with the aim to offer a variety of tools to the community for identifying
and tracking MFRs. The starting point is a map of a selected proxy parameter for
MFRs, e.g., a map of the twist-parameter Tw, current density, etc. We showcase
how the GUITAR tools can be used to disentangle a multi-MFR system and
facilitate in-depth analysis of their properties and evolution by applying them
on a time-dependent data-driven magnetofrictional model (TMFM) simulation
of solar active region AR12473. We show the MFR extraction using Tw maps,
together with targeted use of mathematical morphology algorithms and discuss
the evolution of the system.
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1 Introduction

Magnetic flux ropes (MFRs) are defined as bundles of twisted magnetic field lines
winding around a common axis (see, e.g., Lowder and Yeates, 2017).They are a fundamental
magnetic configuration in solar physics and solar - terrestrial sciences. For example, MFRs
are embedded in coronal mass ejections (CMEs; Webb and Howard, 2012), which are huge
clouds of magnetized plasma released from the Sun into interplanetary space. CMEs drive a
significant portion of the observed terrestrial space weather events and are thus of particular
interest for the space weather community.

Near-Sun information of the presence andproperties ofMFRs is difficult to obtain due to
the inability to routinely observe themagnetic field in the tenuous andhot corona.Therefore,
magnetic field modelling is commonly employed (Wiegelmann et al., 2017) where the
coronal field is extrapolated using observations from the solar surface (photosphere). In
our previous work, we have developed semi-automated algorithms to extract and track
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MFRs from three-dimensional simulation data.Wagner et al. (2023)
(referred to here as Paper I) presented an initial method to extract
MFR field lines under the assumption of a perfectly circular cross-
section in a given plane of the 3D simulation domain. Wagner et al.
(2024) (referred to here as Paper II) presented a more general
approach, incorporating mathematical morphology algorithms in
favor of the perfect-circularity assumption, which led to notable
improvements of the extraction and tracking procedure.

With this work, we present and publicly release GUITAR (GUI
for Tracking and Analysing flux Ropes), a graphical user interface
(GUI), that wraps the methodology of Paper II into a user-friendly
and easy-to-use application. GUITAR is intended to extract a list
of source points for computing and visualizing magnetic flux rope
field lines from a 3Dmagnetic field simulation box with a structured
grid, based on 2D slices of a specified MFR proxy. Furthermore,
the algorithm can be used for tracking the identified MFR in
time and space. It operates in different modes, allowing the user
to repeat and improve certain steps with different procedures or
parameter choices.

To demonstrate the usage of GUITAR, we present here an
extraction from a time-dependent magnetofrictional modeling
(TMFM) simulation from AR12473 used in, e.g., Kumari et al.
(2023);Wagner et al. (2023); Price et al. (2020). To identify and track
the MFR in this simulation, a proxy to aid in the extraction is
required. Here, we use the maps of the twist number Tw (Berger and
Prior, 2006). These can be acquired, for example, by using the Q-
factor code from Liu et al. (2016). It is important to point out that
the applicability of GUITAR is very general, meaning that it can be
combined with any kind of 2.5D or 3D magnetic field simulation
(depending on the desired MFR proxy).

2 Methods

2.1 TMFM

The time-dependent magnetofrictional approach builds on the
assumption that themagnetic field in the solar corona tends to evolve
as driven by the velocity v that is proportional to the Lorentz-force
J×B, as in the following:

v = 1
ν
μ0J×B
B2 . (1)

After initializing the model with a potential field solution, the
magnetic field is evolved with the prescription above in a data-
driven manner: the photospheric boundary condition of the model
evolves according to the observed active region’s magnetogram
data. Details of the modeling method are provided in Pomoell et al.
(2019); Lumme et al. (2017).The exemplary analysis here is done on
the TMFMdataset of active region AR12473 from Paper I and Paper
II. A flux rope develops in the model as a result of the photospheric
driving, and theMFR is extracted, tracked and analysed to showcase
the features of GUITAR.

We use an approximation of the field line twist, as defined
by Berger and Prior (2006) in Eq. 16, as proxy for the MFR, but
GUITAR allows a variety of input maps (more on that in Section 4).
While the basic approach here is to arrive at the desired source
points for computing the MFR field lines via thresholding of the

twistmaps, we combine the extraction procedure withmathematical
morphology algorithms, as outlined below and in Paper II in
greater detail.

2.2 Mathematical morphology

In addition to choosing a suitable MFR proxy, the extraction
scheme relies on mathematical morphology (MM) operations,
which help to better control the extracted areas in the 2D proxy
map. The basic principle of MM is the comparison of a given image
with a reference object, called the structuring element (SE). For our
purpose, the SE shape is a circle of user-defined size. A motivation
for this choice will be given at the end of this section.

We make use of the erosion and opening algorithms for binary
maps, and the morphological gradient algorithm for gray-scale
images. The erosion of a binary image B by a structuring element X
is given as: B⊖X = ⋂ x∈XB−x, i.e., the union of the centre points of all
SEs that are fully included in a binary shape. Another fundamental
MM algorithm is the dilation, which is for a binary image B given
as: B⊕X = ⋃ x∈XBx, i.e., the union of all points of those SEs which
have their center point within the binary shape. Combining dilation
and erosion, we arrive at the opening algorithm: (B⊖X) ⊕X. This is
particularly useful to remove noise or, like in our case, to disconnect
two distinct features that are connected via some thin channel or
remove a sub-feature from the original contour. This is shown in
an example in Figure 1, where both the erosion and the dilation
of the erosion (i.e., the opening) are shown as separate contours.
One can see, how this not only proves to be useful to better control
the outlines of what is extracted, but disconnecting an unwanted
structure from theMFR in 2D.This greatly improves the tracking in
tricky cases, where multiple twisted features (not necessarily MFRs)
are present, which might lead to tracking the wrong feature in
subsequent frames.

The morphological gradient for a gray-scale image G is the
difference between the dilation and erosion, where the SE for
both can be chosen freely: ∇G = (G⊕X1) − (G⊖X2). For gray-
scale images, dilation and erosion work the following way: First
the neighbouring points to each pixel are identified via the
structuring element (with the pixel of interest at the centre of
the SE). Subsequently, these central pixels are replaced by the
supremum/infimum values of their respective neighbours to arrive
at the dilated/eroded image ofG.Themorphological gradient proves
to be useful to detect/enhance edges in an image, which we use to
make our proxy maps more robust against the choice of a threshold,
to ultimately identify the MFR feature.

Our choice of the SE shape (i.e., circular) results in smooth
outlines in regions where these algorithms are applied. This is
especially useful to retain the rather rounded contours found in the
twist maps, for example, in cases where it is desired to disconnect a
sub-feature from the main body in the 2D slice.

2.3 Requirements

GUITAR is written in python 3.10 and based on the tkinter
library. Further necessary non-standard packages include: skimage,
pyvista, diplib and cv2. To save animations, imagemagick is
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FIGURE 1
Sub-steps of the opening algorithm. The base image is a twist map of frame 20, with the original contour of the extraction from the Tw +∇Tw map in
black on the left. On the right, the contours of the erosion are shown in lightblue, while the dilation, which completes the opening algorithm, is shown
in blue.

required as an additional software, but the code also runs
without it.

The proxymaps presently need to be 2D slices of a 3D data cube.
They can be read-in either .vtr- or .npz-files, although the latter is
recommended if multiple time-steps should be investigated, as the
procedure for reading the .vtr files is more time-consuming.

2.4 Functionalities

In its current version, GUITAR offers four different modes of
operation:

1. Full extraction mode,
2. Post-processing mode,
3. Source point retrieval mode,
4. Difference map mode.

The full extraction mode (main window shown in Figure 2)
contains every step from start (i.e., some map of a MFR proxy)
to finish (i.e., a list of source points for the computation of the
magnetic field lines) and offers an option to save the current state
of the processed input maps at various points during the extraction
and tracking procedure. These files can then be used as inputs
to the other three modes. The post-processing mode starts from
some intermediate step (a map that is at least already reduced
to binary) and can be used to apply new (MM-)processings, re-
track the resulting features and save a list of source points for
computing the field lines, as a final step. The source-point retrieval
mode can be used to change the sampling without having to go
through the full extraction process or post-processing process again.
It again starts from some binary input map, but skips directly to the
computation of the source points list.The last mode is the difference
mapsmode, which enables creating differencemaps from previously
created binary masks of two different extractions and can be used
to either save the resulting binary difference map and/or the source
points, calculated from them. This is useful, e.g., if different (sub-)

structures of a particular map should be visualized together or to
see the difference between different choices of processing algorithms
or parameters. For example, one can make an initial extraction A,
and then follow-up with focusing on one particular feature B. To
show both in the same field line plot without having overlapping
field lines, one can create the difference map source points C, and
then visualize C together with B. The desired mode can be selected
in the starting-window, upon running GUITAR.

2.5 Extraction and tracking procedure

In the following, we will briefly outline the MFR extraction and
tracking (full extraction mode) using maps of Tw as flux rope proxy,
computed from the simulation outlined in Sect. 2.1. The choice of
the proxy parameter will only affect the preferred sign of the proxy
(called “polarity” within GUITAR) and the value of the thresholds
(see below), which can both be customized in the interface.

The extraction of MFR source points is facilitated by identifying
high-|Tw| regions, aided by mathematical morphology (MM)
algorithms. The sign of twist (helicity sign or chirality) can be
specified in the corresponding spin box (1 = positive polarity, −1 =
negative polarity) to exclude oppositely twisted field lines. The
morphological gradient is applied to the Tw maps as a sharpening
routine, where both the size of the smaller and larger SE can be
customized. Then, a threshold is set to find the highly twisted
regions by reducing the maps to binary masks (1 if the threshold
is met, and 0 otherwise). The morphological gradient has the
effect, that the outlines may appear sharper and thus makes the
extraction slightly less dependent on the choice of the threshold.The
possibility to fine-tune themorphological gradient further facilitates
this stabilization effect.

Following the thresholding, a pre-processing step can optionally
be applied before the tracking procedure. Here, the retrieved binary
masks can be modified by applying the opening algorithm (cf.,
Section 2.2). This is a useful procedure, for example, in the case
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FIGURE 2
Main window of GUITAR.

FIGURE 3
Field line plots, showcasing the two main substructures. Top Row: Frame 17, Bottom Row: Frame 24. The columns show different perspectives. The
field lines are computed via uniform sampling with 30 points for the yellow field lines and uniform sampling with 40 points for the green field lines.
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FIGURE 4
Illustration of the twist-substructure separation. Left: The twist map of Frame 25 in the y-z plane with the twist parameter in gray-scale and the
identified substructures in differently colored contours. The selected colors match with the resulting field lines on the right (e.g., the yellow contour
marks the source region for the yellow field lines, etc.). An erosion with a SE of 4 pixels has been applied to the yellow contours to ensure that they do
not overlap with the green ones. Right: The corresponding field lines as they appear from the extracted areas on the left with uniform sampling, using
60 points in x, with the different features having different field line colors.

when two separate features are connected and only one of them is
regarded as part of the structure that should be tracked. Applying a
suitable MM opening can remove this problem as it can be used to
disconnect such features for problematic frames. Furthermore, since
the openings with substantial SE sizes can significantly distort the
extracted outlines of theMFR cross-section, GUITAR offers to apply
this procedure only in a sub-region of the image.

For the tracking of the MFR structure, GUITAR marks the
four largest connected regions in each binary mask. To initialize
the tracking, the user specifies the frame from which the tracking
will be started (which should be the last frame in which the
twisted structure can still be identified). The user then selects
the region of interest out of these four high-twist regions in this
frame. Subsequently, GUITAR identifies in each preceding frame
a structure as being the same as the selected one, if they overlap
sufficiently. The necessary overlap ratio, a number between 0 (= no
overlap) and 1 (=100 percent overlap), can be defined by the user. If
no sufficiently overlapping region is found, the previously identified
region is kept as the current one.

After the tracking procedure, GUITAR offers an opportunity to
post-process the tracked mask with MM operations (erosion or fill
holes). The erosion might be useful to see into different layers of
the MFR, as it (as the name suggests) erodes the extracted outlines
with the size and shape of the SE. The “Fill Holes” procedure marks
any non-MFR regions, which are fully enclosed by MFR-regions
as MFR-regions, and thus, removes holes in the extracted areas.
Next, one can proceed with the retrieval of source points, where
the sampling rate as well as the sampling type (random or uniform)
can be specified. Finally, the calculated points are saved as text
files. These files can then be used for computing and subsequently
visualizing and analysing the corresponding magnetic field lines. In
our example below, we will use the VisIt visualization software to do
so (Childs et al., 2012).

3 Extraction of MFR in AR12473

As a showcase of GUITAR, we use the TMFM simulation of
AR12473 to perform a full extraction and, additionally, use different
thresholds to access different sub-structures of the twist maps. This
procedure uses all four modes of GUITAR. First, we attempt to
extract the full MFR, similar to “Paper II”, thus using the default
threshold of 0.8 for Tw +∇Tw (i.e., the twist maps, sharpened by the
morphological gradient). We proceed with the tracking and save the
resulting binary mask for this initial extraction. Next, we extract a
highly twisted sub-structure that appears from frame 10 onward by
using a high threshold of 1.2 andutilizingMMoperations to separate
it from the main MFR-parts. We then track it through the domain
and save the mask and the source points via uniform sampling
(sampling rate: 60 points in image x). We note that for extracting
this sub-feature, substantially more pre-processing was necessary to
have a clear separation between the mainMFR body and the desired
sub-feature in 2D.

In the next step, we load both masks (the initial extraction
and the extraction of the notably more twisted sub-feature) into
the difference map mode, where we subtract the highly twisted
feature from the main MFR extraction. To ensure that we have
a clean mask remaining, we save it and re-open it in the post-
processing mode to re-track the MFR. The tracking algorithm only
follows connected features in the maps, thus, re-tracking the main
MFR cleans the mask from disconnected patches that appear due to
the applied processing. Next, the corresponding source points are
retrieved.

We also extract another feature from the twist maps to illustrate
that practically any distinct feature of the proxy maps can be
extracted. As a last step, we create a sample of source points from the
twomain features in the source point retrieval mode, using uniform
sampling and 30 points for the main MFR and 40 points for the
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FIGURE 5
Twist evolution of the main MFR body (yellow field lines of Figure 3)
and the second identified feature (green field lines of Figure 3).

sub-feature. The flexible sampling ensures control over how many
field lines are drawn, which is helpful for visualization purposes. A
comparison of the different samplings and the MFR appearance for
two characteristic frames is shown in Figure 3 and an illustration of
the field lines along with the substructures they originate from in the
Tw-maps is shown in Figure 4.

Visually, the main MFR body (yellow field lines) appears
as a strikingly coherent bundle of twisted magnetic field lines.
The sub-feature extracted from the twist maps, visualized with
green field lines, is a distinctly different set of field lines. This
becomes apparent from their different photospheric connectivity:
They partially connect to another spot of strong positive polarity
magnetic field in the photosphere, while being rooted in the same
negative polarity region at the other footpoint. Although the green
field lines appear less coherent at the positive polarity footpoint, they
stay within the bounding box and wrap very coherently around the
set of yellow field lines.This behaviour can be seen throughout most
of the evolution of the MFR, as the late-stage snapshots in Figures 3,
4 show.

Furthermore, we highlight the difference between the two
MFR structures of Figure 3 by showing the evolution of their
respective average twist in Figure 5, where the colors correspond
to the colors of the field lines in Figures 3, 4. The average twists
are indeed significantly different (which is expected due to the
different thresholds), but also their evolution deviates for most of
simulation time: Feature 1 (corresponding to the yellow field lines)
first shows average Tw values below 1, and picks up around frame
20, where it rises to values of about 1.05. Feature 2 on the other
hand (green field lines) shows an initial peak of average twist after
its formation, with Tw values of about 1.2. After a rather sharp
dip to values in between 1.05 and 1.1, it recovers its initial level
of Tw ≈ 1.2 and continues rising from there until the end of the
simulation.

4 Discussion

The presented MFR extraction GUI, GUITAR, wraps a number
of useful image processing tools into an easy-to-use interface. The
implementation leaves the freedom to use different MFR proxies
and focuses on identifying and tracking the MFR features in
2D maps and compute the source points from it. The different
operation modes help to re-do certain sub-steps of previous
extractions to aid in arriving at an ideal set of source points.
The difference map feature cannot only be used to extract,
track and visualize different substructures of the twist maps,
but also to visualize the effect of different MM operations. For
example, one may attempt a quick extraction and then apply
different processing algorithms and different parameter choices.
Subsequently, one could visualise the field lines of the original
extraction together with those that the difference map yields.
This uncovers the field lines that are removed/added by different
processing procedures. This can greatly aid in improving the
extraction in terms of choosing the optimal processing approach
and set of parameters, or for estimating the robustness of
the tracking. For this purpose, the synergy between the post-
processing mode and the difference map mode proves to be
very useful.

In the presented example, the scheme is applied to a TMFM
simulation of AR12473 (same as, e.g., Paper I and Paper II), where
different substructures in the twist maps could be identified. These
substructures appear in the modelling data as distinctly different
sets of field lines, as highlighted in Figure 3 with differently colored
field lines. Figure 4 in particular shows for Frame 25, the identified
source regions together with the twist map, highlighting how
these different sub-features appear visually distinct. Furthermore,
the different photospheric connectivity of the footpoints and the
different evolution of the field lines’ twist values (cf., Figure 5)
supports the assumption that these are different flux rope systems.
Taking a closer look at the positive polarity footpoint, we observe
this very clearly for the yellow and green field lines, though the
whole footpoint region seems to grow with time, where the yellow
field lines migrate to the second spot of positive polarity over time
(cf. Top and bottom panels in Figures 3, 4). With this, both features
(yellow and green field lines) seem to slowly merge in the later
stages. This example highlights that in some more complex cases,
we observe not only one flux rope, but rather a system of flux
ropes, where we need to disentangle the relevant sub-features to
really understand the full evolution of the system (in this case, for
example, this may be relevant in better understanding the footpoint
movement).

While GUITAR is primarily designed and used for solar
magnetic flux rope identification and tracking, the methodology
provides the freedom to use any kind of input map, which
may allow many different applications. The applications are
foreseen to extent to other fields as well, as the presented toolset
involves identification and tracking a connected image feature
in essence. GUITAR will undergo continuous development,
especially aiming at adding useful features and broadening
the applicability to as many types of datasets as possible,
though with the focus remaining on magnetic flux rope
extraction.
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