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A B S T R A C T 

Coronal mass ejections (CMEs) are solar eruptions that involve large-scale changes to the magnetic topology of an active region. 
There exists a range of models for CME onset which are based on twisted or sheared magnetic field abo v e a polarity inversion 

line (PIL). We present observational evidence that topological changes at PILs, in the photosphere, form a key part of CME 

onset, as implied by many models. In particular, we study the onset of 30 CMEs and investigate topological changes in the 
photosphere by calculating the magnetic winding flux, using the ARTOP code. By matching the times and locations of winding 

signatures with CME observations produced by the ALMANAC code, we confirm that these signatures are indeed associated with 

CMEs. Therefore, as well as presenting evidence that changes in magnetic topology at the photosphere are a common signature 
of CME onset, our approach also allows for the finding of the source location of a CME within an active region. 

Key words: Sun: coronal mass ejections (CMEs) – Sun: magnetic fields – Sun: photosphere. 
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 I N T RO D U C T I O N  

he energy source of solar eruptions, such as flares and coronal
ass ejections (CMEs), lies in the magnetic field (Forbes 2000 ).
s solar active regions emerge and evolve, the magnetic field forms

onfigurations that can become unstable and lead to eruptions, and
his scenario is the basis of many models and simulations of CME
nset (e.g. Antiochos, DeVore & Klimchuk 1999 ; Amari et al.
000 ; Roussev et al. 2003 ; T ̈or ̈ok & Kliem 2007 ; Aulanier et al.
010 ; Ishiguro & Kusano 2017 ; Jiang et al. 2021 ). A key element
or the possibility of an eruption is that the magnetic field has a
uitable magnetic topology. This expression entails two important
eatures. First, that the magnetic field has a suitable connectivity to
llow for reconnection to occur efficiently and produce an eruption.
econdly, it describes how inherently twisted the magnetic field is.
his latter point is related to magnetic helicity which provides a lower
ound for the free magnetic energy required to produce an eruption
see Tziotziou et al. 2014 ; Liokati, Nindos & Georgoulis 2023 , for
mpirical evidence). 

Studies of magnetic topology have identified particular features
hat are closely associated with different eruptive events in the solar
tmosphere. One such feature, referred to as a bald patch (Titov, Priest
 Demoulin 1993 ), is a location where magnetic field lines become

angent to the photosphere. For example, bald patches have been
ssociated with filaments (L ́opez Ariste et al. 2006 ), brightenings
Fletcher et al. 2001 ), surges (Mandrini et al. 2002 ), and flares
Lee, Sun & Kazachenko 2021 ). The importance of bald patches
eflects the role they play in the two elements of magnetic topology
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utlined abo v e. In terms of connectivity, two distinct bald patches
an define separatrices, which are preferential regions for magnetic
econnection (Priest 2014 ). In terms of twist, bald patches are to
e expected along polarity inversion lines (PILs, Titov & D ́emoulin
999 ). 
Bald patches are typically associated with concave up ‘U-loops’.

o we ver, horizontal magnetic field at the photosphere can be indica-
ive of more general topological behaviour, such as the emergence
f a twisted or highly sheared magnetic field. In order to capture
opological changes due to (near-)horizontal field at the photosphere,
 suitable measure is magnetic winding (Prior & MacTaggart 2020 ;
acTaggart & Prior 2021 ; MacTaggart et al. 2021 ). This quantity

s a renormalization of magnetic helicity and provides a direct
easure of field line topology. By removing the flux weighting

rom magnetic helicity, magnetic winding can be used to identify, in
articular, topological complexity due to primarily near-horizontal
eld. Magnetic helicity, by contrast, is dominated by the strongest
ertical field due to its flux weighting. For detailed discussions on the
roperties of magnetic winding, the reader is directed to the citations
bo v e. A brief summary of the results required for this work is
resented in Appendix A . In magnetograms, it is magnetic winding
ux L that is calculated and this can indicate where and when there
re large topological changes due, in the main, to changing near-
orizontal magnetic field at the photosphere. 
The purpose of this work is twofold. First, we present evidence

hat changes in magnetic topology at the photosphere are a common
ignature of CME onset. We analyse 30 CMEs and identify the
opological onset signature at the photosphere by measuring the flux
f magnetic winding. Secondly, and in parallel with the first point,
e provide an approach for the identification of the location of the

he origin of a CME within an active region, based solely on data
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Table 1. A table of 30 CME events with winding signatures related to CME onset. The columns are, in order, the active region NOAA number, the time of the 
winding signature, the CME time from ALMANAC , the recorded CME time (LASCO or STEREO), the winding signature coordinates in Carrington longitude 
and sine latitude (to the nearest degree), the CME location from ALMANAC in Carrington longitude and sine latitude (to the nearest degree) and the relative 
difference of the winding ( ARTOP ) and ALMANAC longitudes and latitudes divided by the longitudinal and latitudinal extensions of the active region, respectively 
(rounded to three decimal places). The Carrington longitudes are normalized to lie within the range [0 ◦, 360 ◦]. 

Activ e re gion Winding obs. time ALMANAC obs. time Recorded CME obs. time Winding coord. ALMANAC coord. � Lon . � Lat. 

(NOAA) (LASCO or STEREO) (lon.,lat.) (lon.,lat.) 

11081 2010 June 11, 22:48:00 2010 June 12, 00:30:08 2010 June 12, 01:31:39 (103 ◦, 23 ◦) (104 ◦, 23 ◦) 0.125 0 
11158 2011 Feb 14, 16:24:00 2011 Feb 14, 17:50:00 2011 Feb 14, 18:24:06 (29 ◦, −22 ◦) (24 ◦, −16 ◦) 0.294 0.75 
11158 2011 Feb 15, 01:24:00 2011 Feb 15, 01:40:00 2011 Feb 15, 02:24:05 (36 ◦, −19 ◦) (36 ◦, −17 ◦) 0 0.222 
11162 2011 Feb 18, 08:48:00 2011 Feb 18, 09:00:08 2011 Feb 18, 11:45:00 (337 ◦, 21 ◦) (339 ◦, 21 ◦) 0.2 0 
11226 2011 June 01, 16:00:00 2011 June 01, 16:20:00 2011 June 01, 18:36:00 (34 ◦, −23 ◦) (39 ◦, −16 ◦) 0.294 0.7 
11227 2011 June 02, 06:00:00 2011 June 02, 06:20:00 2011 June 02, 08:12:06 (27 ◦, −18 ◦) (25 ◦, −15 ◦) 0.1 0.3 
11247 2011 July 08, 23:24:00 2011 July 08, 23:40:08 2011 July 09, 00:48:05 (269 ◦, −19 ◦) (254 ◦, −31 ◦) 0.75 2 
11261 2011 Aug 03, 12:48:00 2011 Aug 03, 13:10:08 2011 Aug 03, 14:00:07 (335 ◦, 17 ◦) (334 ◦, 24 ◦) 0.038 0.438 
11261 2011 Aug 04, 03:00:00 2011 Aug 04, 03:20:09 2011 Aug 04, 04:12:05 (330 ◦, 17 ◦) (331 ◦, 21 ◦) 0.033 0.235 
11283 2011 Sept 06, 21:36:00 2011 Sept 06, 21:50:08 2011 Sept 06, 23:05:57 (223 ◦, 14 ◦) (213 ◦, 14 ◦) 0.5 0 
11283 2011 Sept 07, 21:24:00 2011 Sept 07, 22:10:09 2011 Sept 07, 23:05:58 (228 ◦, 15 ◦) (231 ◦, 18 ◦) 0.15 0.188 
11302 2011 Sept 24, 18:36:00 2011 Sept 24, 18:50:09 2011 Sept 24, 19:36:06 (286 ◦, 13 ◦) (291 ◦, 12 ◦) 0.217 0.063 
11318 2011 Oct 15, 03:00:00 2011 Oct 15, 04:10:09 2011 Oct 15, 05:12:05 (97 ◦, 20 ◦) (100 ◦, 23 ◦) 0.273 0.5 
11384 2011 Dec 26, 10:00:00 2011 Dec 26, 10:30:08 2011 Dec 26, 11:48:07 (200 ◦, 10 ◦) (208 ◦, 4 ◦) 0.25 0.231 
11422 2012 Feb 19, 08:00:00 2012 Feb 19, 08:20:02 2012 Feb 19, 09:36:06 (177 ◦, 16 ◦) (173 ◦, 19 ◦) 0.4 0.375 
11466 2012 Apr 27, 07:24:00 2012 Apr 27, 08:10:08 2012 Apr 27, 10:49:12 (40 ◦, 14 ◦) (45 ◦, 11 ◦) 0.417 0.375 
11577 2012 Sep 27, 22:00:00 2012 Sept 27, 23:10:08 2012 Sept 28, 00:12:05 (166 ◦, 9 ◦) (172 ◦, 8 ◦) 0.2 0.067 
11618 2012 Nov 20, 19:00:00 2012 Nov 20, 19:10:08 2012 Nov 20, 20:05:00 (135 ◦, 8 ◦) (136 ◦, 6 ◦) 0.033 0.2 
11618 2012 Nov 21, 06:24:00 2012 Nov 21, 06:30:07 2012 Nov 21, 07:25:00 (132 ◦, 6 ◦) (136 ◦, 5 ◦) 0.133 0.1 
11776 2013 June 18, 23:36:00 2013 June 19, 00:50:07 2013 June 19, 01:25:50 (252 ◦, 11 ◦) (255 ◦, 8 ◦) 0.375 0.5 
11810 2013 Aug 07, 15:00:00 2013 Aug 07, 15:00:07 2013 Aug 07, 18:24:05 (325 ◦, −30 ◦) (328 ◦, −37 ◦) 0.136 0.636 
11865 2013 Oct 13, 00:00:00 2013 Oct 13, 00:10:08 2013 Oct 13, 00:51:00 (144 ◦, −21 ◦) (145 ◦, −29 ◦) 0.04 0.533 
11870 2013 Oct 16, 13:36:00 2013 Oct 16, 14:50:07 2013 Oct 16, 15:48:05 (143 ◦, −13 ◦) (149 ◦, −13 ◦) 0.2 0 
11875 2013 Oct 22, 13:48:00 – 2013 Oct 22, 15:15:00 (29 ◦, 6 ◦) – – –
11875 2013 Oct 22, 20:12:00 2013 Oct 22, 20:40:08 2013 Oct 22, 21:55:00 (30 ◦, 5 ◦) (35 ◦, 4 ◦) 0.25 0.059 
11891 2013 Nov 08, 08:12:00 2013 Nov 08, 09:20:07 2013 Nov 08, 11:12:05 (204 ◦, −18 ◦) (207 ◦, −19 ◦) 0.3 0.125 
11946 2014 Jan 07, 02:12:00 2014 Jan 07, 02:20:07 2014 Jan 07, 03:36:05 (101 ◦, 9 ◦) (104 ◦, 11 ◦) 0.231 0.25 
12089 2014 June 10, 23:12:00 2014 June 11, 00:10:09 2014 June 11, 00:48:06 (196 ◦, 17 ◦) (195 ◦, 17 ◦) 0.1 0 
12230 2014 Dec 09, 08:48:00 2014 Dec 09, 09:20:01 2014 Dec 09, 10:24:05 (319 ◦, −16 ◦) (320 ◦, −17 ◦) 0.05 0.083 
12465 2015 Dec 11, 15:48:00 2015 Dec 11, 16:50:06 2015 Dec 11, 18:24:04 (168 ◦, −4 ◦) (171 ◦, −6 ◦) 0.176 0.25 
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rom observations, that is, without the explicit need to model the 
hree-dimensional magnetic field. 

The paper is set out as follows. First, the method of our approach
or finding signatures of magnetic winding relating to CME onset 
s outlined in detail. Secondly, we present our results and discuss
eneral features. We then present some example cases in more 
etail. The paper concludes with a summary and a discussion of
he significance of our results. 

 W I N D I N G  S I G NATU R E  IDENTIFICATION  

RO C E D U R E  

n this section, we outline the steps involved in the identification of
hotospheric topological signatures of CME onset, which we will 
efer to as winding signatures. Examples of outputs from each of the
ollowing parts will be presented later, as well as further descriptions
f the analysis. 

.1 Part 1: time-series calculations 

n this study, we present 30 CME events, making use of events
lready identified and studied in other works [see the CME list given
n Pal et al. ( 2018 ) and the flare list given in Liu et al. ( 2021 )].
hese ev ents hav e been cross-checked to make sure that each CME
ccurred at a longitude (relative to the central meridian) within the
ange ( −60 ◦, + 60 ◦). These limits are typical bounds used in the
iterature (e.g. Park, Leka & Kusano 2020 ) and represent the locations
here winding (and helicity) calculations become compromised by 
rojection effects. This is because our method of calculating the 
agnetic winding flux is based on Space-Weather Helioseismic and 
agnetic Imager (HMI) Active Region Patches (SHARP) vector 
agnetograms (Hoeksema et al. 2014 ). The projection of magnetic 
eld components onto a Cartesian grid is most accurate near the
entral meridian and the approximation begins to break down at the
bo v e limits. 

With the CME events selected, the first step in identifying the
inding signature is to calculate a time series of L̇ ( = d L/ d t) using

he ARTOP code (Alielden et al. 2023 ). This code makes use of
HARP magnetograms, as mentioned abo v e, utilizing their full 
eld of view, and the Differential Affine Velocity Estimator for 
ector Magnetograms ( DAVE4VM ) technique (Schuck 2008 ). For 
ll calculations involving ARTOP in this work, all magnetic field 
f strength lower than 20 G is ignored, an apodizing window of 20
ixels is used for the DAVE4VM calculations and the full resolution
f the magnetograms is used for the winding calculations. 
For each of the 30 events, a time series starting from approximately

0 h before the recorded coronagraph CME time (details are provided
elow) until a few hours after this time, is calculated. For events
MNRAS 534, 444–454 (2024) 
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Table 2. The corresponding flares of the 30 CME ev ents. F or each ev ent, the 
Geostationary Operational Environmental Satellite (GOES) flare strength, the 
winding observation time and the flare start time is shown. 

Activ e re gion Flare strength Winding obs. time Flare start time 
(NOAA) (GOES) (NOAA) 

11081 M2.0 2010 June 11, 22:48 2010 June 12, 00:30 
11158 M2.2 2011 Feb 14, 16:24 2011 Feb 14, 17:20 
11158 X2.2 2011 Feb 15, 01:24 2011 Feb 15, 01:44 
11162 M1.0 2011 Feb 18, 08:48 2011 Feb 18, 10:23 
11226 C4.1 2011 June 01, 16:00 2011 June 01, 16:51 
11227 C3.7 2011 June 02, 06:00 2011 June 02, 07:22 
11247 B4.7 2011 July 08, 23:24 2011 July 08, 23:57 
11261 M6.0 2011 Aug 03, 12:48 2011 Aug 03, 13:17 
11261 M9.7 2011 Aug 04, 03:00 2011 Aug 04, 03:41 
11283 X2.1 2011 Sept 06, 21:36 2011 Sept 06, 22:12 
11283 X1.8 2011 Sept 07, 21:24 2011 Sept 07, 22:32 
11302 M3.0 2011 Sept 24, 18:36 2011 Sept 24, 19:09 
11318 C2.3 2011 Oct 15, 03:00 2011 Oct 15, 04:19 
11384 C5.7 2011 Dec 26, 10:00 2011 Dec 26, 11:23 
11422 C1.0 2012 Feb 19, 08:00 2012 Feb 19, 08:41 
11466 M1.0 2012 Apr 27, 07:24 2012 Apr 27, 08:15 
11577 C3.7 2012 Sept 27, 22:00 2012 Sept 27, 23:36 
11618 M1.6 2012 Nov 20, 19:00 2012 Nov 20, 19:21 
11618 M1.4 2012 Nov 21, 06:24 2012 Nov 21, 06:45 
11776 C2.3 2013 June 18, 23:36 2013 June 19, 00:50 
11810 B4.8 2013 Aug 07, 15:00 2013 Aug 07, 14:42 
11865 M1.7 2013 Oct 13, 00:00 2013 Oct 13, 00:12 
11870 C1.8 2013 Oct 16, 13:36 2013 Oct 16, 15:03 
11875 M1.0 2013 Oct 22, 13:48 2013 Oct 22, 14:49 
11875 M4.2 2013 Oct 22, 20:12 2013 Oct 22, 21:15 
11891 M2.3 2013 Nov 08, 08:12 2013 Nov 08, 09:22 
11946 M1.0 2014 Jan 07, 02:12 2014 Jan 07, 03:49 
12089 C2.1 2014 June 10, 23:12 2014 June 10, 23:46 
12230 C8.6 2014 Dec 09, 08:48 2014 Dec 09, 09:58 
12465 C5.6 2015 Dec 11, 15:48 2015 Dec 11, 16:48 
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hose active regions are beyond the −60 ◦ longitude limit 20 h before
he recorded coronagraph CME time, the time series are calculated
rom when the active region has a longitude of −60 ◦. 

For each time series, a running mean μ (based on the previous
our of data) is calculated and an envelope μ ± 2 σ , with a width
f 2 standard deviations in both positive and negative directions,
s determined. The ARTOP code enables o v erlaying flare times and
trengths on time series for a given active region. Where they occur,
are corresponding to CMEs are also recorded. 
The peaks in magnetic winding, which we define as spikes of L̇

enetrating the ±2 σ envelope, near the recorded coronagraph time
f the CME, are noted. The largest, in magnitude, of these spikes is
aken as the initial marker for the winding signature. Typically, there
ill be one prominent peak shortly before the coronagraph time of
ME and/or its corresponding flare. The analysis we are proposing
ere is, therefore, not primarily intended to be predictive, but rather a
eans of providing a deeper analysis of the birth of a given CME in

he lower layers of the solar atmosphere. In general, the time series
f a particular region also may contain other winding spikes that are
ssociated with other topological events that are not directly related to
MEs, such as flares, emergence, and motion in penumbrae (see later

or more details). A large spike in the magnitude of L̇ corresponds to
 large amount of topologically significant (i.e. twisted and sheared)
agnetic field passing through the photosphere within a given time.
his, as we will demonstrate, typically occurs in a localized part of

he active region on or near a PIL. 
NRAS 534, 444–454 (2024) 
.2 Part 2: magnetic winding maps – winding signature time 
nd location 

t each time, the quantity L̇ is the spatial integral over the map of
he field line winding flux L̇ (see Appendix A for further details).
y examining the maps of L̇ , at the times near the peaks recorded

n Part 1, it is possible to determine, by visual inspection, for each
ME, the location within activ e re gion where the winding signature
ccurs. The time of the winding signature corresponds to when the
tructure corresponding to the largest spike first appears in the maps
f L̇ . This is normally cotemporal with the main spike or occurs
hortly before ( ∼12–24 min) the main spike. 

Proposed mechanisms for CME onset (as in the examples cited
reviously) are based on sheared or twisted magnetic field abo v e
he main PIL of the active region. Thus, time-series peaks identified
n Part 1 must correspond with signatures at PILs in order to be
onsidered to be related to CME onset (see Moraitis et al. 2024 ,
or a related study on the connection between flares and relative
eld line helicity at PILs). The strength of the winding signature
epends on the particular eruption mechanism that takes place. Later,
e will present different pre-eruption magnetic topologies that can

ead to strong winding signatures through topological changes at the
hotosphere. 

.3 Part 3: confirmation with ALMANAC 

n order to link the photospheric winding signatures with CME
nset, the final stage is to connect their times and locations with the
arliest av ailable observ ations of the CMEs higher in the atmosphere
with respect to the photosphere). Although we base our selection
f 30 events on previously recorded CMEs, as detailed below, these
se observations in the high atmosphere (from coronagraphs) and,
herefore, do not represent the early stage of CME onset. Instead,
e need information from heights lower than those available from

oronagraph data. 
To perform this task systematically, we make use of the Automated

etection of CoronaL MAss Ejecta origiNs for Space Weather
ppli C ations ( ALMANAC ) code (Williams & Morgan 2022 ). AL-
ANAC , unlike many widely adopted CME detection methods does
ot rely upon coronagraph data, but instead utilizes data from the
tmospheric Imaging Assembly (AIA, Lemen et al. 2012 ). The main

dvantage of ALMANAC is that it does not require geometrical fitting to
pproximate the CME source location in the low solar corona. Thus,
he code does not inherently have large uncertainties due to projection
ffects caused by fitting a simple ‘wire frame’ of a three-dimensional
bject mapped in two dimensions. As such, ALMANAC provides a
eliable (low-corona) CME origin that is obtained independently of
ny winding signatures from the earlier phases of an eruption. 

To detect potential Earth-directed CMEs, ALMANAC first crops the
ap size to eliminate off-limb contributions and standardizes the

ntensity across an 8-h image sequence by thresholding intensities
nd normalizing the data values. It is then smoothed through
onvolution and subtracted from the normalized data to create a
igh-bandpass and time-filtered image sequence. Each time-step of
he time-filtered data is then divided by the median of the absolute
alues of the unfiltered data to eliminate contribution from ‘static’
tructures such as active regions. The method employs a series of
oolean masks to isolate connected clusters of pixels associated
ith a potential eruption, and spatio-temporal smoothing of these
asks helps a v oid the se gmentation of re gions. The first time-step in
hich a region of sufficient size and duration is identified is used as

he CME onset time, whilst the centre of mass for the masked pixels
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Figure 1. Time series of the magnetic winding flux rate L̇ before the CME of AR11318. The quantities displayed follow the description in Part 1 of Section 2 . 
The LASCO CME time is at 21.2 h on this graph. 
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t that time provides the central location for the CME. Full details
an be found in Williams & Morgan ( 2022 ). 

 SU M M A RY  O F  T H E  DATA  

e now present results for the 30 selected events. Details are 
isplayed in Table 1 . 
We argue that these data provide strong evidence that the winding 

ignatures at the photosphere are related to CME onset due to the
lose association of the times and locations of winding signatures to 
oth early observations of CMEs and their associated flares. 
There is a strong match between the locations of the winding 

ignatures and the CME positions determined by ALMANAC for all 
vents with the exception of the CME in AR11247, for which the
ifference in both longitude and latitude is greater than 10 ◦; and
he first event of AR11875, for which the CME was not detected
y ALMANAC . We will discuss the event of AR11247 in more detail
ater. 

Differences in position are typically only a few degrees, with 
he largest separation (not including the event of AR11247) being 
0 ◦ (for the Carrington longitude of the first event of AR11283). 
ith the exception of the event of AR11247 and the first event

f AR11875, the differences in latitude and longitude between 
he winding measurements from ARTOP and the CME locations 
rom ALMANAC are less than the activ e re gion dimensions at the
hotosphere. This is shown in Table 1 by the � -quantities, which
easure 

 X = 

∣∣∣∣X ARTop − X ALMANAC 

X AR 

∣∣∣∣ , 

here X represents longitude or latitude and X AR represents the 
ongitudinal or latitudinal extent of the active region. Some deflection 
s expected for CMEs due to the nearby constraints of surrounding
nd o v erlying magnetic field, effects of the rise mechanism (such
s twisting, e.g. Vourlidas et al. 2011 ) and the heliospheric current
heet (Kay et al. 2017 ). Ho we ver, as indicated by the � -quantities
n Table 1 , since all these values are less than 1, such deflections
re generally still within the photospheric area of the active region 
at least for the early onset times presented here). In addition 
o the physical grounds for deflection, listed abo v e, such a close
atching between the locations produced by ARTOP and ALMANAC 

s not necessarily guaranteed since the latter can be influenced by
urrounding regions and strong flares. Williams & Morgan ( 2022 )
eport that for the 20 halo CMEs that they study with ALMANAC , CME
ocations are within 10 ◦ ± 10 ◦ of X-ray emission values reported 
y the Reuven Ramaty High Energy Solar Spectroscopic Imager 
RHESSI, Lin et al. 2002 ) for that sample – a typically much larger
argin than that which we find based on � < 1. 
The first times listed in Table 1 are those of the winding signatures,

he determination of which was outlined in the previous section. 
hese times are constrained by ARTOP ’s magnetogram cadence, 
hich is 12 min (i.e. that of the SHARP magnetograms). The next

olumn of times is that of when the ALMANAC code detects a CME
rom AIA data (constrained to a 10-min cadence). The last column of
imes are from existing catalogues of CME observations, in particular 
hose made using the Large Angle and Spectrometric Coronagraph 
LASCO) onboard the Solar and Heliospheric Observatory mission 
Brueckner et al. 1995 ) and the Solar TErrestrial RElations Observa-
ory (STEREO, Kaiser et al. 2008 ). As mentioned earlier, it is these
ecorded coronagraph times that were used to select CMEs and help
dentify the corresponding winding signatures. 

These times, following the discussion earlier, correspond to 
bserv ations of dif ferent heights in the atmosphere: winding –
hotosphere, ALMANAC – low atmosphere, coronagraph times – high 
tmosphere. Therefore, if the winding signatures correspond to CME 

nset, rather than some later phase of CME evolution, the winding
imes should be closer to the ALMANAC times than the coronagraph
imes. This is indeed the case, with all of the winding times preceding
he ALMANAC times. Those events for which the winding time is less
han 12 min (the ARTOP cadence) before the ALMANAC time, may
e considered to be approximately cotemporal, due to the available 
ime resolution. As mentioned previously, the first CME of AR11875 
as not detected with ALMANAC and so we cannot make as clear a

onnection between the observations at the photosphere and those 
igher in the atmosphere for this case. 
Since CMEs are normally, though not al w ays, associated with

ares, we now compare the winding signature times to the start
imes of the flares that are associated with CMEs, that is, those that
MNRAS 534, 444–454 (2024) 
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Figure 2. (a) This shows a map of B z , (b) a map of L̇ , and (c) a detail of the 
B z map with contours ( ±10000 km 

2 s −1 ) of L̇ highlighting the centre of the 
winding signature at the base of the central curving PIL. All maps correspond 
to the time of the winding spike identified in Fig. 1 . 
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Figure 3. A non-linear force-free extrapolation of the field lines of AR11318 
at the time of the winding signature. The bald patch field lines, shown in 
red, are traced from the location of the winding signature, indicated by ‘L’. 
Surrounding field lines, shown in blue, trace out a flux rope structure. The 
metrics for this extrapolation are λ = 0 . 0018 and θJ = 2 . 73 ◦. 
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re closest in time to the recorded coronograph CME times. Table 2
ists the flares associated with each of the 30 events and shows how
heir start times compare with the winding signature times. 

The winding signatures precede or are approximately cotemporal
ith the flare start times for all events except that of AR11810. This

vent and that of AR11247 are the only ones for which the associated
are is B-class. For C-class and abo v e, there is a consistent picture,
roviding further evidence that the winding signatures are related
o CME onset. It is worth mentioning that since the majority of
he winding signatures precede flares, for the events studied, we
an exclude the possibility that these signatures are influenced by
ny instrumental effects related to the inversion of the Fe I line at
17.3 nm due to the strong flare emission. 

 ANALYSIS  O F  EXAMPLE  R E G I O N S  

e now demonstrate the nature of the winding signature for three
ctiv e re gions from Table 1 , with different morphologies, connecting
NRAS 534, 444–454 (2024) 
t to the global magnetic topology of the active region. For each
 xample re gion, we display the outputs (time series and maps) from
RTOP , from which the winding signature is identified. In order to
onnect this signature to the global region topology, we approximate
he three-dimensional magnetic field at the time of the winding
ignature by a non-linear force-free field. We make use of the deep
earning method of Jarolim et al. ( 2023 ) which produces a solution
o the equations 

 ∇ × B ) × B = 0 , (1) 

 · B = 0 , (2) 

here B is the magnetic field v ector, e xtrapolating from the SHARP
agnetograms of the given region. Clearly, satisfying equation ( 1 ) is

n approximation (a static representation of a dynamic process) but
any studies indicate that force-free extrapolations provide a good

epresentation of the global topology of an active region magnetic
eld. 
To test the accuracy of our extrapolations, we consider the metrics

sed by Wheatland, Sturrock & Roumeliotis ( 2000 ) and Jarolim et al.
 2023 ). As a measure of the solenoidality, which indicates how well
n extrapolation represents a magnetic field, we calculate the B -
eighted divergence averaged over the entire domain, and refer to

his quantity as λ, 

= 

〈‖∇ · B ‖ 2 
‖ B ‖ 2 

〉
. 

s a measure of force-freeness, we first calculate, at every gridpoint
, the sine of the angle between the current density and the magnetic
eld. Writing F i = ‖ ( ∇ × B ) × B ‖ 2 , B i = ‖ B ‖ 2 , and J i = ‖∇ ×

B ‖ 2 for the norms e v aluated at gridpoint i, 

i = sin θi = 

F i 

B i J i 
. 

rom this, a current-weighted measure of the angle is produced, 

J = arcsin 

(∑ 

i J i σi 

� i J i 

)
. 
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Figure 4. Time series of the magnetic winding flux rate L̇ before the chosen CME of AR11158. The quantities displayed follow the description in Part 1 of 
Section 2 . The LASCO CME time is at 20.4 h on this graph. 
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he values of λ and θJ are reported for each extrapolation. We note 
hat the extrapolations presented here are solely for the purpose of
iving indications of the magnetic topology within active regions 
nd are not used as the basis of any further topological calcula-
ions, as in, for example, Valori et al. ( 2016 ) and Thalmann et al.
 2020 ). 

.1 AR11318 

he first e xample re gion we consider, AR11318, has been studied in
everal other works (Romano et al. 2014 ; MacTaggart et al. 2021 ).
ompared to other active regions, it is relatively simple – it is a
ipolar region in which one flare and one CME occurred. Fig. 1
isplays the time series of L̇ in the period before the CME. 
On the time-scale of Fig. 1 , there is a C2.3 flare beginning at

0.32 h, followed shortly by the first sighting of a CME by LASCO at
1.2 h. The ALMANAC time for the CME is approximately cotemporal 
ith the C2.3 flare (a 9-min difference). There is a particularly large

pike in L̇ at 19 h and this, by the method outlined in Section 2 , is
aken as the winding signature (it is the only spike near the flare and
ASCO CME times that penetrates the 2 σ envelope). The location 
f this signature within AR11318 can be found by considering the 
aps in Fig. 2 . 
There is a rapid change in the field line winding L at one particular

ocation, as seen in Fig. 2 (b). Comparing this with the magnetogram
n Fig. 2 (a), this location corresponds to a small PIL between
he two main spots, curving downward at about 97 ◦ Carringtion 
ongitude. Fig. 2 (c) displays a zoomed-in window of the the B z map
t the location of the winding signature, indicated by contours of L̇
 ±10 000 km 

2 s −1 ). 
To better understand what this feature is, we consider a non-linear 

orce-free extrapolation, shown in Fig. 3 . 
The red field lines, traced from the winding signature location, 

ndicated by ‘L’, reveal a bald patch which, as described in the
ntroduction, is a common topological feature related to eruptive 
henomena. The winding signature here could refer to the emergence 
r submergence of the sheared bald patch field lines. Another possible 
xplanation is due to reconnection related to the rising CME flux rope. 
he extrapolation traces out (shown in blue in Fig. 3 ), a sigmoidal
ux rope, which matches well the shape of features observed in AIA
93 and 304 Å (Romano et al. 2014 ). 

.2 AR11158 

he ne xt e xample re gion that we present is much more complex
han AR11318. AR11158 is a highly studied active region due to
t possessing both X-class flares and multiple CMEs (e.g. Schrijver 
t al. 2011 ; Sun et al. 2012 ; Tziotziou, Georgoulis & Liu 2013 ;
noue et al. 2015 ; Kay et al. 2017 ; Chintzoglou et al. 2019 ; Lee
t al. 2021 ; Moraitis, Patsourakos & Nindos 2021 ). Here, we will
ocus on the second CME from AR11158 listed in Table 1 . The time
eries of L̇ for the period before this CME is shown in Fig. 4 . Unlike
R11318, there are many flares in this activ e re gion. An X2.2-class
are, beginning at 19.73 h on the time-scale of Fig. 4 , is associated
ith the CME and is preceded by the largest winding spike at 19.4 h.
he LASCO CME time corresponds to 20.4 h and the ALMANAC time

s approximately cotemporal with the X2.2 flare start time (a 4-min
ifference). As before, the location of the winding signature can be
een by considering the maps in Fig. 5 . 

There is a clear PIL displayed at the centre of the region in Fig.
 (a) at 35 ◦ Carrington longitude. On the top of the eastern side of the
IL, there is a very strong change in L , corresponding to the winding
ignature. The global view of this feature is shown in Fig. 5 (b) and
 zoomed-in section of the B z map o v erlaid with contours indicating
he strongest part of L̇ (displaying values of ±60 000 km 

2 s −1 ) is
hown in (c). 

An approximation of the magnetic topology of the field lines 
onnected to and near the winding signature is shown in Fig. 6 .
t the location of the winding signature, marked in Fig. 6 by ‘L’,

here is a strongly twisted flux rope, whose main axis lies across
he central PIL. The core of the flux rope, extending high above
he photosphere, is indicated by yellow field lines. The peak of the
inding signature corresponds to field lines (shown in red) of the

ope that form a highly twisted ‘J’ structure – a common feature of
igmoidal flux ropes (e.g. Titov & D ́emoulin 1999 ; Hood, Archontis
 MacTaggart 2012 ). It is the change of this ‘J’ structure, in contact
ith the photosphere, that leads to the winding signature. The rope is

urrounded by a magnetic arcade (indicated by blue field lines). This
MNRAS 534, 444–454 (2024) 
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M

Figure 5. (a) This shows a map of B z , (b) a map of L̇ , and (c) a detail of the 
B z map with contours ( ±60 000 km 

2 s −1 ) of L̇ highlighting the centre of the 
winding signature at the top of the central PIL. All maps correspond to the 
time of the winding spike identified in Fig. 4 . 
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Figure 6. A non-linear force-free extrapolation of the field lines of AR11158 
at the time of the winding signature. The core of the flux rope is indicated 
by the yellow field lines. The red field lines, traced from the location of the 
winding signature, marked with ‘L’, trace out one of the outer ‘J’s of the 
flux rope. Blue field lines trace surrounding field. Note that the region is 
rotated by almost 180 ◦ with respect to the maps in Fig. 5 . The metrics for this 
extrapolation are λ = 0 . 0025 and θJ = 6 . 96 ◦. 
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onfiguration is the starting point for many eruption mechanisms
such as those cited in the Introduction) and matches that found in
ther extrapolations calculated for this region (e.g. Inoue et al. 2015 ;
oraitis et al. 2021 ). 

.3 AR11247 

e now focus on the event of AR11247, which is the only example
f the cases presented for which there is a large (greater than
0 ◦) separation in both longitude and latitude between the winding
ignature location and the CME location determined by ALMANAC .
lthough our approach does not seem to identify the coordinates (in

pace and time) of CME onset in this case, we nevertheless proceed
s in previous cases in order to identify what is occurring in this
vent. As before, we first consider the time series of L̇ , which is
hown in Fig. 7 . 
NRAS 534, 444–454 (2024) 
Given that the LASCO observation of the CME is at 23.8 h on
his figure, the B4.7 flare is the only possible flare that may be
ssociated with the CME (if, indeed, the CME has an associated
are). Ho we ver, the ALMANAC observ ation time is approximately
 h before the LASCO time, when there is no obvious winding
ignature. In order to understand the significance of these results
etter, we proceed with our previous approach and investigate the
inding signature cotemporal with the start of the B4.7 flare, in
rder to see what connection, if any, it has with the CME. The maps
f B z and L̇ at the time of the winding signature are displayed in
ig. 8 . 
We follow our previous approach and select the strongest localized

oncentration of magnetic field line winding flux, located just abo v e
 small PIL south-east of the central ne gativ e polarity at 269 ◦

arrington longitude. As indicated in Table 1 , the position of the
ME is much further west and south of the winding signature. A
ossible connection, ho we ver, can be found by considering a force-
ree extrapolation, as shown in Fig. 9 . 

The location of the selected winding signature corresponds to
 region beneath the null point of a quadrupolar magnetic field.
lthough this is the classical setup of the breakout model for
MEs (Antiochos et al. 1999 ), as mentioned previously, the CME
oes not occur here. Near to this region, the magnetic field has a
opology common to magnetic jets (Shibata et al. 2007 ; Pariat et al.
015 ). The field lines higher in the domain are open, in the sense
hat they do not connect back down to the lower boundary. This
uggests that there may be a connection between the region of the
inding signature and magnetic fields outside this domain. Pursuing

his line of enquiry, Fig. 10 displays the line-of-sight magnetic
eld superimposed on AIA 171 Å data at the time of the winding
ignature. 

In the south-western corner of the map in Fig. 10 , the dark arc,
ith a helioprojective longitude of −400 arcsec, is the rising filament
f the CME. Based on the AIA image, the blue field lines from Fig. 9
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Figure 7. Time series of the magnetic winding flux rate L̇ before the CME of AR11247. The quantities displayed follow the description in Part 1 of Section 2 . 
The LASCO CME time is at 23.8 h on this graph. 

Figure 8. (a) This shows a map of B z , (b) a map of L̇ , and (c) a detail of the 
B z map with contours ( ±10 000 km 

2 s −1 ) of L̇ highlighting several possible 
locations for the winding signature. The strongest signature corresponds to 
the region at 269 ◦. All maps correspond to the time of the winding spike 
identified in Fig. 7 . 

Figure 9. A non-linear force-free extrapolation of the field lines of AR11247 
at the time of the winding signature. The field lines, shown in red, related 
to the possible winding signature are traced from the position marked ‘L’. 
Surrounding topological features are revealed by blue field lines. The metrics 
for this extrapolation are λ = 0 . 0042 and θJ = 18 . 19 ◦. 
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onnect to closed loops and not to the CME directly. One possibility,
herefore, is that the expansion of the CME acted as a perturbation
n the magnetic loops of AR11247, resulting in a localized change
n magnetic topology, leading to the winding signature and the weak
-class flare (the ALMANAC time precedes the B4.7 flare time, see
ables 1 and 2 ). 
This analysis shows that this particular CME is connected to 

R11247 but is not ejected from one of its internal PILs (even though
t has been previously catalogued as emanating from this re gion; P al
t al. 2018 ). Thus, our approach can help to confirm whether or not a
ME does originate from a particular activ e re gion. Further, such as

n this case, our approach can still be used to analyse the topological
omplexity of an active region. 
MNRAS 534, 444–454 (2024) 
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Figure 10. AIA 171 Å with line-of-sight magnetic field B z superimposed of 
AR11247 at the time of the winding signature from Table 1 . 

Figure 11. Maps of (a) B z and (b) L̇ during the evolution of AR11777. 
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.4 Regions with ‘strong’ penumbrae 

he approach we have outlined in this work can be applied to any
HARP re gion. F or some re gions, ho we ver, winding signatures at
ILs can be masked if there is a particularly dominant sunspot
ith a developed penumbra. Since a penumbra is a region of
agnetoconvection with a near-horizontal magnetic field, magnetic
inding is particularly sensitive to field line motions in penumbrae.
NRAS 534, 444–454 (2024) 
he result is that the largest spikes in time series of L̇ are dominated
y penumbra dynamics and, unless the CME and/or associated flare
s very strong, the signatures at the PIL are weaker in comparison and
ot easily detected as a winding signature. An example of a winding
ignature dominated by a penumbra, from AR11777, is shown in
ig. 11 . 
F or activ e re gions such as these, in order to apply the approach

f this article, the penumbra would have to be masked. This task,
o we ver, goes beyond the scope of this work. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we present evidence that changes in magnetic topology
t the photosphere are a common signature of CME onset. In
articular, we show, by means of magnetic winding flux, that strong
opological changes in the photosphere, occurring at a PIL within the
ctiv e re gion, typically precede or are approximately cotemporal with
arly sightings of CMEs. We have found this result by analysing time
eries and maps of magnetic winding flux in 20-h periods before the
ecorded coronograph observations (from LASCO or STEREO) for
0 CME events. From the time series, the times of winding signatures
re identified, and their locations are found by inspection of where
he strongest concentrations occur in the field line winding maps.
ll data related to winding are based on SHARP magnetograms and
rocessed with the ARTOP code. In order to provide further evidence
hat the winding signatures are associated with CME onset, we also
earched for the CMEs using the ALMANAC code. This makes use of
IA data and, thus, provides an earlier observation of a CME than
ASCO or STEREO. For 28 out of the 30 events studied, there is
 good match between the locations of the winding signatures and
he CME locations determined by ALMANAC , with differences being
ess than both the longitudinal and latitudinal extents of the active
egion at the photosphere. The winding signatures either precede or
re approximately cotemporal with the ALMANAC times, which all
recede the recorded LASCO or STEREO observation times. For the
emaining two events, data from ALMANAC are unavailable for one,
nd the other was not directly linked to the region for which it had
een catalogued under. 

The start times of the associated flares of each of the CMEs has
lso been compared to the times of the winding signatures. For all
MEs associated with flares of class C and abo v e, the winding sig-
atures precede or are approximately cotemporal with the flare start
imes. 

Our main result is the following. For many active regions, magnetic
inding flux can be used to identify, both spatially and temporally,

he location of CME onset (and, if present, the associated flare-
nset) within an active region. We provide a method to determine
hese properties that is based on the analysis of HMI and AIA data
hrough the ARTOP and ALMANAC codes, respectively. Exceptions
o this approach include regions for which penumbrae dominate
he winding signatures. Ho we ver, in the many cases for which the
pproach does work, and as demonstrated, the method allows for the
dentification of which PIL within the active region is directly related
o the dynamics of CME onset. Detection of this location then allows
or further investigation of CME onset. 

In order to define an algorithm for detecting signatures of CME
nset, we hav e giv en a precise definition of the winding signature in
erms of the largest spike in L̇ nearest to the recorded coronograph
ME time. Ho we ver, as is clear from the time series presented earlier,

here are many other winding spikes and, often, they are associated
ith flares (but not CMEs). Although we have not focused on them in



Photospheric signatures of CME onset 453 

t
t
s

m  

a
s
c
C

A

O
T
t
S
T
1
s  

F
p
A

T
p

D

I  

a
 

a

R

A  

A
A
A
B
C  

F  

F
H
H
I  

I
J  

J
K  

K
L
L
L
L
L
L  

M

M  

M  

M
M  

P  

P  

P
P

P
R  

R  

S  

S
S
S  

T
T
T
T
T
T
T  

V
V  

W
W

A
D

F
t  

M  

c

h
h  

w

w  

t  

t  

e  

e
T  

a
 

p  

w

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/1/444/7754826 by guest on 07 N
ovem

ber 2024
his work, all such spikes are potentially important in understanding 
he relationship between magnetic topology and flares, and can be 
tudied in a similar manner to the way presented in this work. 

As well as identifying the coordinates of CME onset, our approach 
ay also be useful in helping to determine the onset mechanism of
 particular CME. The temporal relationship between the winding 
ignature, an associated flare and early CME observations, puts a 
onstraint on which particular mechanism may be at work during 
ME onset. This feature will be studied in future applications. 
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PPENDI X  A :  MAGNETI C  W I N D I N G  

EFI NI TI ON  

or detailed descriptions of magnetic winding, we guide the reader 
o Prior & MacTaggart ( 2020 ), MacTaggart & Prior ( 2021 ), and

acTaggart et al. ( 2021 ). Here, we just list the key formulae for
ompleteness. 

The calculation of magnetic helicity flux from magnetograms 
as become a standard calculation. For the calculation of magnetic 
elicity H , one formulation of the helicity flux, based on field line
inding, is written as 

d H 

d t 
= − 1 

2 π

∫ 

P 

∫ 

P 

d 

d t 
θ ( x , y ) B z ( x ) B z ( y ) d 2 xd 2 y, (A1) 

here P is the horizontal plane of the photosphere (the magne-
ogram), x and y are locations of field lines intersecting P and θ is
he pairwise winding angle of x − y . The first part of the integral in
quation ( A1 ), involving the rate of change of the winding angle θ ,
ncodes topological changes in the magnetic field at the photosphere. 
his part is weighted by the magnetic flux, for example, at x there is
 local flux of B z ( x ) d 2 x. 

Renormalizing equation ( A1 ) to remo v e the flux weighting,
roduces a direct measure of the field line topology, called magnetic
inding, 

d L 

d t 
= − 1 

2 π

∫ 

P 

∫ 

P 

d 

d t 
θ ( x , y ) σz ( x ) σz ( y ) d 2 xd 2 y, (A2) 
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here σz ( x ) is an indicator function taking the sign of B z ( x ), and,
herefore, can be −1, 0 or 1. Equations ( A1 ) and ( A2 ) represent
he total (spatially integrated) changes in helicity and winding,
espectiv ely, o v er P . In this work, equation ( A2 ) is used to create
ime series. In order to gain spatial information about where strong
hanges in winding are occurring in an active region, we remove the
uter integral from equation ( A2 ) to consider the field line winding
ate 
d 

d t 
L ( x ) = −σz ( x ) 

2 π

∫ 

P 

d 

d t 
θ ( x , y ) σz ( y ) d 2 y. (A3) 
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elative to all the other field lines, and it is in this sense that we refer
o L as the field line winding. 
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