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Abstract In the first half of May 2024, the solar active region (AR) NOAA 13664 was responsible for
generating the strongest geomagnetic storm in over 20 years through an enhanced production of coronal mass
ejections (CMEs). A key factor in this production was the complex magnetic topology of AR13664. In this
work, we investigate the region's magnetic topology related to the production of its first halo CME on May 8th.
This is achieved by combining different observations of magnetic topology based on photospheric magnetic
helicity and winding signatures and nonlinear force-free field extrapolations, together with Atmospheric
Imaging Assembly observations at different wavelengths. We present evidence that the first halo CME, and its
associated X1.0 flare, was created by an emerging twisted flux tube within AR13664, following the general
picture of the standard flare model. The coincidence of the first large magnetic winding signature with the start
time of the X1.0 flare provides the onset time for the CME as well as the period of enhanced eruptive activity of
the region—04:36 UT on May 8th.

Plain Language Summary The aurorae during May 2024, visible at many locations on the Earth,
were caused by solar eruptions interacting with the Earth's magnetic field. Many of these eruptions originated
from the same localized region of strong magnetic field in the solar atmosphere, referred to as active region (AR)
13664. An important part of how this region produced so many strong eruptions during a brief period lay in the
complexity of its magnetic field, described as its magnetic topology. In this work, we study the magnetic
topology of AR13664 in order to determine the magnetic configuration that led to the first large eruption
directed toward the Earth, called a halo coronal mass ejection (CME). We provide evidence that this CME was
created by a sub-region of twisted magnetic field that had emerged into the solar atmosphere. Our study also
provides an effective start time for the enhanced eruption phase of AR13664—04:36 UT on May 8th.

1. Introduction

In May 2024, the aurorae that were visible across an extensive range of latitudes owed their origin to an enhanced
period of coronal mass ejection (CME) activity. One of the main progenitors of this activity was the solar active
region (AR) NOAA 13664. With the largest geomagnetic storm in over 20 years, registering a minimum Dst of
—412 nT on May 11th, being traced to the activity of this region, it is natural that AR13664 has become a topic of
intense study. In particular, the origin of its eruptive behavior is of interest, not only as a fundamental area of solar
physics, but also in connection with the possibility of forecasting such intense activity in the future. In order to
understand the onset of this eruptive activity, it is necessary to understand the behavior of the magnetic field of
AR13664. Romano et al. (2024) has performed an analysis of the magnetic field at the photosphere using vector
magnetograms from the Helioseismic and Magnetic Imager (HMI; Hoeksema et al., 2014) on board the Solar
Dynamics Observatory (SDO; Pesnell et al., 2012). They investigate the period from May 2nd to May 11th and,
based on magnetic data combined with velocity maps using the Differential Affine Velocity Estimator for Vector
Magnetograms (DAVE4VM; Schuck, 2008), divide the evolution of AR13664 into key phases: the early phase
(2nd-5th), the emergence phase (5th-T7th), the compaction phase (7th-8th) and the shearing phase (8th—11th).
This study reveals that AR13664 is characterized by several phases of complex dynamical activity, from the
emergence of magnetic flux into a pre-existing region to the large-scale deformation of the AR. Some of the
consequences in the solar atmosphere of the complex magnetic behavior observed in the photosphere has been
studied by Jarolim et al. (2024). Using the SDO/HMI vector magnetograms, they produce a series of nonlinear
force-free field (NLFFF) extrapolations to study the changes in magnetic energy and topology throughout the
period of May 5th to May 11th, and find an excellent match between the occurrence of strong flares with dips in
the free energy of their model. In a particular study of the magnetic field related to the X3.9 flare on May 10th,

MACTAGGART ET AL.

1 of 17


https://orcid.org/0000-0003-2297-9312
https://orcid.org/0000-0001-9521-3874
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1542-7390.EVENTSMAY24
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1542-7390.EVENTSMAY24
mailto:david.mactaggart@glasgow.ac.uk
https://doi.org/10.1029/2024JA033462
https://doi.org/10.1029/2024JA033462
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024JA033462&domain=pdf&date_stamp=2025-04-17

MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2024JA033462

they reveal the detailed magnetic topology associated with this event. Kontogiannis (2024) studies the evolution
of non-neutralized currents in AR13664, describing how these currents evolve in relation to the flux emergence
events within AR13664 and the later evolution of the entire AR. Further, Kontogiannis (2024) shows that the
magnitude of the total non-neutralized current far exceeds that of recent flare-intensive active regions.

All of the aforementioned works describe elements of the complexity of AR13664 throughout the period of its
eruptivity. Due to the large number of eruptions deriving from it, AR13664 may be referred to as a super active
region (Bai, 1988; Jaswal et al., 2025). This aspect, combined with the impact of these eruptions for the Earth,
makes the detailed study of AR13664 and other such regions of great importance. The aim of this work is to
complement the above studies of AR13664, that examine the entire region throughout its eruptive phase, by
focusing on a particular detail - the evolution of the magnetic field leading to the first halo CME, produced on May
8th. To achieve this we make use of SDO/HMI vector magnetograms, which, as in the other studies, form the basis
of our information about the magnetic field of AR13664. Using these data, the magnetic field is studied through
calculations of magnetic helicity and winding fluxes in combination with NLFFF extrapolations. While the fluxes
provide information about changes in magnetic topology at the photosphere, the extrapolations provide details of
the three-dimensional (3D) magnetic structure and its connectivity in the corona. Together, these elements
combine to give a detailed picture of the magnetic configuration leading to the first halo CME. Our thesis is that
the observations point toward the eruptive phase of AR13664 being triggered by the emergence of a pre-twisted
magnetic flux tube, a scenario that has been investigated in detail in many simulations (e.g., Hood et al., 2012;
Patsourakos et al., 2020).

The rest of the paper proceeds as follows: first, we provide an overview of the approaches adopted to studying and
interpreting magnetic topology signatures. We then present a detailed analysis of the magnetic topology of
AR13664 before, during and after the eruption of the first halo CME, combining information from magnetic
winding signatures and NLFFF extrapolations. The paper concludes with a brief summary and discussion.

2. Magnetic Topology

The importance of magnetic topology has long been recognized in solar physics (e.g., Longcope, 2005; Priest &
Forbes, 2000). Before discussing the elements of magnetic topology used in this study, it is worthwhile to give a
brief overview about what this term entails in the context of AR studies. The first important element of magnetic
topology is that it describes the connectivity of magnetic field lines. Within an AR, there may be different regions
of magnetic connectivity, that is, field lines connecting to different magnetic polarities at the photosphere. The
boundaries or separatrices of these regions of connectivity are typical locations for magnetic reconnection, and so
play an important role in AR dynamics (Longcope, 2005). In order to define separatrices that are discontinuous
boundaries between different connectivity regions, null points (locations of zero magnetic field strength) are
required. If, however, the AR magnetic field being studied does not contain null points, a generalization of
separatrices known as quasi-separatrix layers (QSLs; Demoulin et al., 1996; Titov et al., 2002) may be employed.
QSLs describe regions of strong, though not discontinuous, changes in connectivity mapping and so, like sep-
aratrices, are typical locations for magnetic reconnection.

As well as the identification of different topological regions within ARs, magnetic topology is also concerned
with the structure of the magnetic field within these regions. One important element is how far from potential the
magnetic field is, characterized through twist and shearing. Although quantities like twist and shearing may
appear to be related to geometry rather than topology, they come under the umbrella of magnetic topology due to
their connection with magnetic helicity (e.g., Berger & Field, 1984). Magnetic helicity is an invariant of both
laminar and turbulent ideal magnetohydrodynamics (MHD) (Faraco & Lindberg, 2020; Faraco et al., 2022) and is
approximately conserved even in the presence of weak resistivity (Berger, 1984). Magnetic helicity combines two
fundamental quantities of magnetic fields: a measure of field line linkage and magnetic flux. It also has the
property that it can be decomposed into self and mutual components, with the former related to the local twist of
the magnetic field and the latter to sheared field (Berger & Field, 1984; Candelaresi et al., 2021). The magnitude
of magnetic helicity is also well-known as a lower bound for magnetic energy (e.g., Berger, 1993). Further details
of the topological interpretation of magnetic helicity, particularly in the context of magnetic fields in the solar
atmosphere, can be found in Prior and MacTaggart (2020).
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To summarize, in the context of ARs, magnetic topology is the description of the magnetic field's connectivity
together with how it deviates from a potential field (via twist, shear, etc.). We now describe how we study
magnetic topology in this work.

2.1. Magnetic Helicity and Winding Fluxes

One way to study magnetic topology directly from solar observations is to calculate fluxes of topological
quantities through the photosphere. The topological quantities that we are discussing here are magnetic helicity,
as mentioned above, and the related quantity of magnetic winding (MacTaggart et al., 2021; Prior & MacTag-
gart, 2020). Calculations of magnetic helicity flux are now standard for AR analysis. However, the interpretation
of their signatures is not always straightforward. It has been suggested that one of the reasons for this is due to the
fact that magnetic helicity is a combination of two fundamental properties - a measure of field line topology and
magnetic flux. It has been shown that if magnetic helicity flux is renormalized, by removing its dependence on the
magnetic field strength, then more information about magnetic topology related to near-horizontal magnetic field
at the photosphere can be detected (MacTaggart & Prior, 2021; MacTaggart et al., 2021; Prior & MacTag-
gart, 2020). This renormalized quantity is called magnetic winding and, despite its close connection to magnetic
helicity, it provides different information that is not available from magnetic helicity alone. Examples of its
application include the identification of the emergence of pre-twisted magnetic fields (MacTaggart & Prior, 2021;
MacTaggart et al., 2021) and the onset of CMEs signaled by changes in magnetic topology at the photosphere
(Aslam et al., 2024). We now describe the calculation of magnetic helicity and winding fluxes.

Modeling the photosphere locally as a flat plane P (as for a magnetogram of an AR), the rates of change of
magnetic helicity H and magnetic winding L through P are given by

dH . d

—=H=| = d? 1
i = [ e e m
o . [d ,

where H is the field line helicity and L is the field line winding defined through

d T _Bz(x) E 2
Do) = 7= 2L fp S B.(3) . 3)
Gt = £ = =2 [ Loty & @

Here, o, is an indicator function for the sign of the component of the magnetic field orthogonal to P, that is,

1 if B.>1,
o,={—-1 if B.<l, (5)
0 if B, =0,

and 6(x,y) is the pairwise winding angle of field line footpoints on P,

(6)

o(x,y) = arctan[(x —y) ey},

(x -y ) 2
where we have made use of the standard Cartesian basis {ex, e, ez} with e, directed upwards and orthogonal to P.
Further details summarizing the theory and application of magnetic winding can be found in MacTaggart (2024).

In order to calculate the fluxes (H and L for time series, H and L for maps) we utilize the ARTop code (Alielden
et al., 2023). This code makes use of Space-Weather Helioseismic and Magnetic Imager Active Region Patches
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(SHARP) vector magnetograms and the DAVE4VM method for velocity fields. For the latter, an apodizing
window of 20 pixels is used, as for the study by Aslam et al. (2024). Also, as in Aslam et al. (2024), any field
strength less than 20 G in the magnetograms is ignored in the integrations. The SHARP patch containing
AR13664 is 11149. In the north-eastern corner of this patch, traces of the weak active region AR13668 are
present. However, this latter active region plays no role in the subsequent results and SHARP patch 11149 can be
considered to represent AR13664.

2.2. NLFFF Extrapolations

In order to link topological winding signatures at the photosphere to the magnetic field in the atmosphere, we
analyze NLFFF extrapolations. We use the method of Jarolim et al. (2023), which, for a magnetic field B, satisfies
the equations

(VXB)XB =0, @)

V-B=0. ®)

Like ARTop, this NLFFF extrapolation procedure is also based on SHARP vector magnetograms. The purpose of
using NLFFF extrapolations is to provide an efficient way of approximating the structure of the active region field
that captures the main 3D topological features. For our purposes, we will analyze, in detail, magnetic features in
an extrapolation at a particular time. To measure the accuracy of this extrapolation, we calculate the metrics of
Wheatland et al. (2000). As a measure of how accurately the extrapolated solution represents a magnetic field, we
determine the B-weighted divergence averaged over the whole domain 4,

- {r

Further, as a measure of force-freeness, we determine, at every grid point i, the sine of the angle between the
current density and the magnetic field. Writing F; = ||(V X B) X B||,,B; = ||B||,andJ; = ||V X Bj|, for the
2-norms evaluated at grid point i,

. K
0; = sinf; = B (10)
From this, a current-weighted measure of the angle is produced,
J.o:
6; = arcsin M . (11
2 Ji

Our analysis will focus on an extrapolation of AR13664 based on the SHARP patch at 04:36 UT on May 8th
(details for this choice are presented later). The resulting extrapolation has metric values of 4 = 0.004 and
0; = 14.57°. These values are in line with those reported by Jarolim et al. (2024) for the same active region. This
level of accuracy is suitable for the analysis of this work and, as will be demonstrated later, the shapes of field
lines produced by the extrapolation visibly match to features in related observations of the same region.

2.3. Flux Tube Topology

In line with our thesis that the emergence of a twisted magnetic flux tube leads to the eruption of the first halo
CME, we now consider the topological signatures of twisted flux tube emergence. The understanding of how
twisted magnetic field emerges from the convection zone into the solar atmosphere has been developed through
many studies (mainly computational) over the past 25 years. Several reviews exist (Cheung & Isobe, 2014;
Fan, 2021; Hood et al., 2012; Patsourakos et al., 2020) that summarize large aspects of this research effort.
However, in order to provide more context for our results later, it is useful to describe some key elements of
twisted flux tube emergence.
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Overlying field

Twisted field

Figure 1. Two visualizations of the same snapshot from a simulation of a twisted magnetic flux tube emerging into the solar
atmosphere. Different parts and topological features of the emerged field are identified with the use of different colored field
lines.
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Figure 1 displays two visualizations of a snapshot from a typical flux emergence simulation, simulating a twisted
magnetic tube emerging into a hydrostatic atmosphere (e.g., Hood et al., 2012). The intention here is not to
reproduce previous analysis but to use the figure to provide context useful for later discussions. Figure 1a displays
an overhead view of emerged field lines above the photosphere, which is colored as a magnetogram of B, (B, > 0:
white, B, < 0: black). The red and blue field lines are traced from the main polarities of the region. Their twist
creates the characteristic J-shapes (e.g., Archontis et al., 2009) that are indicated. The twisted field lines of the J-
shapes travel along the direction of the polarity inversion line of the emerged region, creating bald patches, that is,
locations where dips in the magnetic field at the photosphere are close to parallel with the photospheric plane P
(Titov et al., 1993). This latter feature is most easily seen Figure 1b. Twisted magnetic field, as indicated by the
yellow field lines, can penetrate high into the atmosphere and are contained in an overlying “magnetic envelope”
field, as indicated by the green field lines. In the simulation shown in Figure 1, the only magnetic field present is
that of the emerging flux tube. However, if the emerging field reconnects with pre-existing magnetic field in the
solar atmosphere, this can also provide an overlying field for the emerging magnetic field (e.g., Archontis &
Torok, 2008; MacTaggart & Haynes, 2014).

All of these features are key indicators of twisted flux tube emergence and will play an important role in the
analysis that follows. Although not shown here, eruptions from a magnetic field, such as that in Figure 1, can
develop through the continued emergence and shearing of the magnetic field. This behavior can lead self-
consistently, through magnetic reconnection, to the development of a new twisted flux tube in the atmosphere,
which erupts as a CME (Archontis & Torok, 2008; MacTaggart & Haynes, 2014; Patsourakos et al., 2020).

To summarize, if twisted flux tube emergence occurs, there are characteristic topological features (e.g., J-shapes,
sheared field, bald patches) identified with the emergence of twisted magnetic field. Such signatures would be
expected from NLFFF extrapolations.

3. Data Analysis

With the basic analysis approaches having been described, we now apply these to AR13664.

3.1. Flare Times and Winding Signatures

Figure 2 displays a time series of L, calculated over the SHARP patch 11149, covering the period of the first halo
CME on May 8th.

The time series of L provides a global (i.e., across the entire active region) measure of changes in pairwise
winding angles of field lines at the photosphere (MacTaggart et al., 2021; Prior & MacTaggart, 2020). Large
changes are indicative of significant topological changes. We consider a signature to be “large” if it substantially
penetrates an envelope of u + 26, where y is a running mean of L based on the previous hour's data and ¢ is a
standard deviation. This identification has proved to be effective in other studies (e.g., Aslam et al., 2024). In
addition to the winding time series, flare and CME times are superimposed on Figure 2. The flare times match the
large winding spikes almost perfectly, differing by only a few minutes in each case. This observation indicates
that there are significant topological changes at the photosphere co-temporal with these flares. However, more
information is required in order to establish any causal link.

The flares (At the time of writing, these flares are cataloged on SolarMonitor (www.solarmonitor.org) as
belonging to AR13665. However, the flare locator on SolarMonitor places both flares in AR13664, which is also
indicated by a visual inspection of AIA data and our topological analysis.) occur before and after the detection of
the first halo CME of AR13664 by the Large Angle and Spectrometric Coronagraph (LASCO) onboard the Solar
and Heliospheric Observatory (SOHO) mission (Brueckner et al., 1995). The winding signature, approximately
co-temporal with the X1.0 flare, occurs about 1 hour before the coronagraph detection of the CME. This time
scale is typical of many CMESs and has been shown to be related to CME onset (Aslam et al., 2024). Furthermore,
this time scale also approximately matches the time found by extrapolating a linear fit of LASCO observations of
this CME back to the photosphere (The linear fit can be found at https://cdaw.gsfc.nasa.gov/CME_list/daily_
plots/sephtx/2024_05/sephtx_20240508.png, with the approximated time of the CME near the solar surface being
in close proximity to the start time of the X1.0 flare.). These observations further suggest that not only may the
first winding signature and X1.0 flare be related but that they may also be linked to the onset of the halo CME. The
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Figure 2. Time series of L (units: km* s™; green line) with an envelope of two standard deviations (blue dotted lines) either
side of a running mean based on the previous hour's data. The running mean is not shown. The start times of X1.0 and M7.2
flares are indicated (dotted red lines), as is the time of the first halo CME of AR13664 recorded by LASCO (black dotted
line).

establishment of this connection means that the source of the enhanced eruptive activity of AR13664 can be
identified. We now investigate this possibility through a detailed analysis of the magnetic topology of AR13664.

3.2. Topological Sub-Regions

In order to understand and identify the key magnetic structure responsible for the first halo CME of AR13664, we
need to understand the global magnetic topology of the AR. To do this, we make use of a NLFFF extrapolation.
Figure 3 displays two maps of AR13664 just before the start time of the X1.0 flare: a magnetogram of the out-of-
plane magnetic field component B, and an Atmospheric Imaging Assembly (AIA) 193 Amap, indicative of
coronal temperatures (Lemen et al., 2012).

AIA 193 A 2024-05-08 04:36:07

HMI magnetogram 2024-05-08 04:35:50

Figure 3. The SHARP region 11149 (dominated by AR13664) just before the start time of the X1.0 flare. Panel (a) displays a
magnetogram of B, (the magnetic component orthogonal to the magnetogram plane) and panel (b) shows an AIA 193

A intensity map. Four regions of high intensity in (b) are labeled a, f, y and 8. The remaining region, labeled ¢, is included for
reference to discussions later.
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Figure 4. NLFFF extrapolation of the magnetic field of AR13664 on May 8th at 04:36UT. Field lines are traced based on the
features a, f3, y and 6 from Figure 3b, which is reproduced here for reference. The label ¢ is included for use in discussions
later in the main text. Panel (b) shows the same field lines from a different viewpoint.

The regions of stronger intensity in the AIA map provide structures with which a NLFFF extrapolation may be
compared. That is, if a NLFFF extrapolation is to represent a good approximation of the magnetic field of
AR13664, its field line geometry should show some correspondence to the structures identified in the AIA map.
To this end, four sub-regions of enhanced intensity are identified on the AIA map and labeled a, f, y and 6. An
additional label ¢, not related to any particular region of intense emission, is included for use in discussions later.
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At each of the first four locations, field lines in a NLFFF extrapolation have been plotted to relate particular
magnetic structures to these regions of higher intensity. The field lines are displayed in Figure 4, and the
extrapolation corresponds to the time of the recorded winding spike at 04:36 UT on May 8th.

A comparison of the sub-regions identified in Figure 3 with the field lines in Figure 4a reveals that the NLFFF
extrapolation is able to trace out the main features seen in the AIA map. For the feature at «, the intensity loops
correspond to curved field lines of a similar shape. For the feature at , the north-south-oriented patch of intensity
at one set of footpoints of the a feature matches well with a twisted magnetic field lines connecting a bipolar
region at the center of AR13664. For the feature at y, the region of higher intensity corresponds to a sheared arcade
near the top of AR13664 (see Figure 4b for a clear representation of the magnetic shear). Finally, the feature at 6
also matches well with the corresponding field line geometry with field lines that form a boundary beside sub-
region f. To summarize, the NLFFF extrapolation is able to reproduce the shapes of the identified sub-regions
of higher intensity in the AIA 193 Amap, all of which correspond to sub-regions of twisted magnetic field,
and are thus all potential candidates for being the source of free magnetic energy required to create the first
halo CME.

The aforementioned positive winding spike at the time of the X1.0 flare in Figure 2 is based on integrating over
the entire SHARP patch. In order to relate this spike to particular sub-regions, we produce contour maps of £ and
examine the large-scale winding signatures within these features. Figure 5 presents contours of L overlaid on
magnetograms, zooming in on different parts of the active region and identifying the dominant winding signatures
with red boxes, for ease of visualization. Like the NLFFF extrapolation, these maps are based on SHARP
magnetograms on May 8th at 04:36UT.

Figures 5a and 5b highlight the dominant (in terms of magnitude and physical extension) winding signatures. The
locations of these dominant signatures correspond to the sub-regions indicated by S and & respectively in
Figures 3b and 4a. Each of these sub-regions is now discussed in detail.

3.3. Western (f) Sub-Region

As reported by Romano et al. (2024), bipolar regions emerged on the western side of AR13664 during the May 5th
and 6th. The first such emergence led to the magnetic bipolar region that can be seen at the north-west of
AR13664, with the negative polarity stretching from 338° to 343° Carrington longitude between latitudes of —16°
and —17° in Figure 5a. This region later collided with a larger bipolar region in the center of AR13664 which, by
the time of the X1.0 flare, occupies the Carrington longitudes 338° to 346° and latitudes —17° to —22°, as shown
in Figure 5a, and corresponds to sub-region . As well as the evidence from Romano et al. (2024) and Konto-
giannis (2024) that this region was formed by emergence, we can also make use of magnetic helicity and winding
fluxes to show that magnetic field with bulk twist emerged in this sub-region. First, we select a time, May 6th at
21:00 UT, during the emergence that is typical of the behavior of this sub-region during this period. In Figure 6, a
line-of-sight magnetogram is displayed together with the line-of-sight component of the field line velocity, that is,
the velocity estimate derived from inverting the ideal induction equation via the DAVE4VM method. In Figure 6a
the two polarities of the emerging region can be seen. As shown by Romano et al. (2024) these polarities move in a
north-south direction. The lower negative polarity is shown colliding with a pre-existing positive polarity. In
Figure 6b, the line-of-sight velocity is positive for large patches within the emerging region. This upward motion
is particularly strong at Carrington longitude 344°. The strongest upflow can be seen at the boundary of the
emerging region, buffered by a region of strong negative velocity just outside the emerging region. Figure 7
displays the corresponding maps of H and L at this time and, for comparison, the later time of May 7th at 00:00
UT. In Figures 7a and 7b, the background map shows the field line helicity rate H and the contours show the field
line winding rate L. The helicity maps follow closely the magnetograms of B, given the strong dependence of H
on B, (see Equation 3). In Figure 7a, the key feature is that the field line winding rate has a strong concentration
between the main polarities, with peaks overlapping with the stronger patches of the line-of-sight component of
the field line velocity, shown in Figure 6b. The signature of L is dominated by changes in the footpoint winding
angles of field lines due, primarily, to the upward motion of those field lines as they emerge through the
photosphere. The same qualitative behavior can also be seen in at the later time shown in Figure 7b. The irregular
shapes of the winding signatures are due to the interaction of the magnetic field with convection, which emerges
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Figure 5. Contours of L superimposed on magnetograms of B, of AR13664 on May 8th at 04:36UT. Panel (a) focuses on the
western part of the active region and panel (b) on the eastern part. The dominant winding signatures are highlighted with red
boxes.
in stages (MacTaggart et al., 2021). Once most of the field has emerged, if it corresponds to a twisted flux tube, the
emerged field in the atmosphere should have a bulk twist. We will come back to this point shortly.
Returning to the winding map of Figure 5a, at a time after the main emergence phase, there is a strong winding
signature in the south-eastern corner of sub-region f, highlighted with a red box. This signature corresponds to a
rapid change in the winding angles between field line footpoints in this location. Possible causes could be the
emergence or submergence of locally twisted field lines. In order to understand how this signature relates to the
magnetic topology in the atmosphere, we use its location as a starting point for tracing field lines. That is, we take
the location of the peak of the winding signature on the magnetogram and follow field lines traced from seed
points on a line fixed to that point and orthogonal to the magnetogram plane.
In Figure 8, field lines are color-coded depending on their seed locations. The red field lines are traced from the
dominant winding signature of Figure 5a. These field lines result in two structures: a J-shape and twisted field
lines connected to the other side of the bipole. The J-shape forms a bald patch at the location of the dominant
MACTAGGART ET AL. 10 of 17
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Figure 6. Maps of sub-region # on May 6th at 21:00 UT, showing (a) B, and (b) the line-of-sight field line velocity.

winding signature and this signature has also been found in relation to other CME onsets (Aslam et al., 2024). In
terms of flux tube topology described earlier (see Figure 1), the red field lines form an important part of this
overall picture. At the other end of the bipolar region, blue field lines mirror the behavior of the red field lines.
Almost orthogonal to the twisted field, higher overlying field (shown as green field lines) provides an overlying
magnetic arcade for the twisted field lower in the atmosphere. The field lines associated with the § sub-region in
Figure 4a are also overlying field lines, though traced at different locations. Finally, to emphasize the twist of the
magnetic field within the # sub-region, yellow field lines wrap around the blue and red field lines whilst remaining
lower than the overlying field.

To summarize, in addition to the descriptions in Romano et al. (2024) and Kontogiannis (2024), our topological
analysis is in line with the interpretation that sub-region f is the result of an emerging twisted flux tube. Magnetic
helicity and winding fluxes indicate that twisted magnetic field emerges into the atmosphere. After this period of
emergence, and by the time of the X1.0 flare, the NLFFF extrapolation captures the large-scale features of the
magnetic field in this sub-region and reveals a magnetic field with a bulk twist and the classical characteristics of
an emerged twisted flux tube. The emergence of a twisted flux tube into an overlying magnetic field that is already
far from potential makes the magnetic field in sub-region f a prime candidate for the source of the first halo CME.
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Figure 7. Maps of H with contours of £ within sub-region f on (a) May 6th at 21:00 UT and (b) May 7th at 00:00 UT.
3.4. Eastern (¢) Sub-Region
We now consider the second dominant winding signature, shown in Figure 5b. Field lines related to this signature
are displayed in Figure 9.
The field lines traced in red have their seeds at the location of the dominant winding signature in Figure 5b. These
field lines form a dome-like structure covering the pre-existing part of AR13664 (as opposed to the later emerging
bipole regions). The dominant winding signature corresponds to a section of near-horizontal magnetic field, that
is, a bald patch. This older part of the active region continues to evolve in time (see Romano et al. (2024) for the
MACTAGGART ET AL. 12 of 17
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Figure 8. Field lines of the NLFFF extrapolation of AR13664 on May 8th at 04:36 UT traced within the central emerging
bipole. The red field lines are traced from the location of the dominant winding signature in Figure 5a. The blue field lines are
traced from the photosphere at the opposite end of the bipole. The green field lines are traced higher in the atmosphere and the
yellow field lines are traced from between the red and blue central field lines and the green field lines. Labels relating the
resulting structures to flux tube topology are indicated.

near-horizontal field

N
Z\\

sheared field

Figure 9. Field lines of the NLFFF extrapolation of AR13664 on May 8th at 04:36 UT traced on the eastern side of the active
region. The red field lines are traced from the location of the dominant winding signature in Figure 5b. This signature
corresponds to the near-horizontal field indicated. Nearby field lines are traced in yellow, highlighting a region of highly
sheared field.
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Figure 10. Maps of AIA 1700 A for AR13664 at four different times corresponding to the growth and decay of flare ribbons
related to the first halo CME. The parallel ribbons can be seen most clearly in (b).

evolution of photospheric magnetic and velocity fields). Part of this evolution has led to the creation of a curved
polarity inversion line (see Figure 5b at (352°,-20°)) with highly sheared magnetic field. Similar to sub-region S,
there is a magnetic configuration in sub-region ¢ that has the potential to produce a flare or CME.

3.5. Magnetic Origin of the X1.0 Flare and Halo CME

Based on the dominant winding signatures in sub-regions f and &, we have identified two magnetic configurations
that have the potential to be the source of the X1.0 flare and/or the first halo CME. To determine which of these is
responsible, we examine the behavior of the flare ribbons associated with the X1.0 flare of the CME. Flare ribbons
are regions of increased emission in the lower atmosphere that are signatures of energy deposited from CME (and
associated flare) eruptions (see Benz, 2008, and references within). Flare ribbons trace out the footpoints of the
magnetic field in the lower atmosphere and their pattern depends on the magnetic topology. For example, in the
context of the “standard” flare model (see, for example, Figure 1 of Asai et al., 2004), two (approximately) parallel
ribbons would be expected as a magnetic arcade is present beneath the erupting CME flux rope. Subsequently, the
ribbons would trace the footpoints of the arcade (Fletcher & Hudson, 2001; Masuda et al., 2001). For a magnetic
field with the flux tube topology described earlier, a CME in this context follows the standard model, and so two
parallel ribbons would be expected. Figure 10 displays maps of AIA 1700 Afor AR13664 after the start time of the
X1.0 flare and before the LASCO observation of the CME. Ultraviolet emission at this wavelength is often taken
as evidence of plasma heating in the lower solar atmosphere, showing where energy from an eruption is deposited
(Fletcher & Hudson, 2001). These maps can thus be used to visualize flare ribbons.

The structure of AR13664 can easily be recognized in the AIA 1700 Amaps, with the large emerged bipole
occupying the center-left of the images. The first brightening shown in Figure 10a lies near to the position of the
dominant winding signature in Figure 5a. Based on the NLFFF extrapolation, this corresponds to the eastern (of
the emerged bipole) J-shape which is nearly horizontal to the photosphere at this location. In Figures 10b and 10c,
two parallel ribbons are clearly seen, which follow the lines of the footpoints of the overlying magnetic arcade
(shown in green in Figure 4), whilst Figure 10d shows that the brightenings begin to weaken (a video showing the
time evolution of the brightenings can be found at https://sdo.gsfc.nasa.gov/data/dailymov/movie.php?
q=20240508_1024_1700). By this stage, the CME is already in ascent and, approximately 13 min later, will be
detected by the LASCO coronagraph. The observed pattern of brightenings follow that of the standard model
described above. For a clearer comparison of the ribbons with the magnetic field, the map containing the strongest
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Figure 11. A visualization of the AIA 1700 A map displayed in Figure 10, showing parallel flare ribbons, beside its
corresponding line-of-sight magnetogram.

brightenings at 1700 A (Figure 10b) is reproduced in Figure 11a beside its corresponding magnetogram in
Figure 11b.

As there are no brightenings at the & sub-region, we attribute the origin of the X1.0 flare and the halo CME to be
the central emerging sub-region in AR13664, which our evidence points to being an emerging, and subsequently
erupting, twisted flux tube.

3.6. M7.2 Flare

The magnetic configuration identified in sub-region ¢ also led to eruptive behavior, although later than the first
halo CME. In Figure 2, a winding spike was shown to be co-temporal with the start time of a M7.2 flare. Rather
than repeat the entire analysis for this time, we take note of associated flare ribbons in relation to the magnetic
topology that we have already examined. In Figure 12, the AIA 1700 Amaps for AR13664 (immediately before
and after the M7.2 flare, which had a start time at 06:44UT) reveal that the overall structure of the active region
largely unchanged from this flare. The position of the flare ribbon in Figure 12b corresponds to the sheared field
identified in Figure 9.

4. Summary

In this work, we have investigated observations of AR13664 to identify the magnetic source of its first halo CME,
and thus of its period of enhanced eruptive activity. Basing our analysis on SHARP vector magnetograms and
maps of AIA intensity, we have studied the magnetic topology of AR13664 through the calculation of fluxes of
magnetic helicity and winding, together with NLFFF extrapolations. By combining these methods of analysis, we
identified a sub-region of AR13664 that is coherent with being generated by the emergence of a twisted flux tube.
In terms of our topological analysis, this is first evidenced by maps of £ and H, indicating the emergence of pre-
twisted magnetic field between the two magnetic footpoints of the emerging sub-region. After the emergence
phase, at the onset time of the CME, a NLFFF extrapolation reveals a magnetic field in the sub-region with a bulk
twist and field line topology in line with what is expected from the emergence of a twisted flux tube. The first halo

Figure 12. Maps of AIA 1700 A for AR13664 at two different times before and after the M7.2 flare.
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CME had an associated X1.0 flare. Post-flare (and post-CME) ribbons were found to follow near-parallel paths
near the edges of the emerged flux tube. All of these elements point toward the emergence of a twisted flux tube
within AR13664 being the driver of its first halo CME.

The analysis developed in this work can also be applied to other eruptions in this AR, or any eruptive AR. In
identifying the source of the first halo CME, our analysis revealed two possible sub-regions as candidates. As a
postscript to the main analysis, we showed that the sub-region that was not responsible for the CME, shortly
afterward was the location of a M7.2 flare.

Data Availability Statement

The ARTop code, used for calculating winding signatures, can be found at https://github.com/DavidMacT/
ARTop. The code for producing NLFFF extrapolations can be found at https://github.com/RobertJaro/NF2.
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