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Abstract We analyze the magnetic evolution of solar active region (AR) NOAA
11476 that, between 9 and 10 May 2012, produced a series of surge-type eruptions
[acconipanied by GOES X-ray ¢lass M flares. Using force-free models of the AR

coronal structure and observations in several wavelengths, in previous works we
studied the detailed evolution of those eruptions, relating them to the character-
istic magnetic topology of the AR and reconstructing the involved reconnection

schiene. We found that the eruptions were due to the ejection of minifilaments,
ipole it emerged i the mmiddle oF ¥ie POSIEVE ifinin AR magnetic polarity.

The bipole was observed to rotate for several tens of hours before the events. In
this article we analyze, for the full AR and the rotating bipole, the evolution of
a series of magnetic parameters computed using the Helioseismic and Magnetic
Imager (HMI) vector magnetograms. We combine this analysis with estimations
of the injection of magnetic energy and helicity obtained using the Differential
Affine Velocity Estimator for Vector Magnetograms (DAVE4VM) method that
determines, from vector magnetograms, the affine velocity field constrained by

the induction equation. Fro NSO
was the main driver that provided the magnetic energy and helicity involved in
RSt Za SO nSee8  io1s. The results also suggest that the

observed rotation is probably due to the emergence of a kinked magnetic flux
rope with negative writhe helicity.
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1. Introduction

Motivated by the potential impact on space weather, one of the main inter-
ests behind the study of solar active regions is the ability to determine which
characteristics and/or evolution make them more prone to produce impulsive
events like flares and coronal mass ejections (CMEs) (for recent reviews on this
topic see, e.g., Toriumi and Wang, 2019; Green et al., 2018; Patsourakos et al.,
2020). Among the global characteristics of active regions (ARs), the presence
of d-spots, configurations with quadrupolar or multiple mixed polarities and
magnetic complexity in general, interaction with neighbor ARs, and the presence
of newly emerged bipoles, have been generally associated with their tendency
to produce major energetic events (see, e.g., Sammis, Tang, and Zirin, 2000;
van Driel-Gesztelyi and Green, 2015; Yang et al., 2017; Toriumi et al., 2017).
Particular features have also been identified as precursors of flares and CMEs,
such as strong shear along and around polarity inversion lines (PILs) (Hagyard
et al., 1984; Schrijver, 2007; Wang et al., 2017), flux cancellation (Martens and
Zwaan, 2001; Green, Kliem, and Wallace, 2011; Panesar, Sterling, and Moore,
2017), and the rotation of magnetic structures and sunspots (Zhang, Liu, and
Zhang, 2008; Ruan et al., 2014; Vemareddy, Cheng, and Ravindra, 2016).

Many of the aforementioned observational features are due to the deformation
of the magnetic field in the structures emerging from the solar interior to form
ARs (Pevtsov et al., 2014). These deformations are associated to the presence
of free magnetic energy available to be released by field reconnection and recon-
figuration once the structures emerge into the solar atmosphere. The magnetic
helicity, as a magnetohydrodynamic (MHD) invariant, provides a quantifiable
measure of the higher or lesser degree of deformation present in AR magnetic
structures and, therefore, of the major or minor tendency of ARs to produce
impulsively energetic events. For that reason, there has been a strong interest in
recent years to develop methods to compute the injection of magnetic helicity
into ARs, both by the emergence process itself and by the deformation of the
structures by photospheric motions (see, e.g., Green et al., 2002; Démoulin and
Pariat, 2009; Thalmann et al., 2021).

Magnetic helicity, or more precisely the relative magnetic helicity (Berger,
1984, 2003), that we henceforth call H, can be defined in complex magnetic
configurations and has the important property of being very well preserved in
plasmas having a high magnetic Reynolds number (108 -10%%), even taking into
account the effects of dissipative processes. Using a solar-like eruptive event sim-
ulation, Pariat et al. (2015) have confirmed that H is quasi-conserved even when
non-ideal processes, such as reconnection, act to transform magnetic energy. This
now-demonstrated conservation of H is at the base of the initiation of CMEs
and their role in ejecting the accumulated coronal helicity (Rust and Kumar,
1994; Low, 1996; Green et al., 2002; Mandrini et al., 2005; Priest, Longcope,
and Janvier, 2016). Furthermore, the accumulation of helicity in the corona
plays a significant role in storing free magnetic energy. Zuccarello et al. (2018)
used a series of 3D parametric magnetohydrodynamic (MHD) simulations of
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the formation and eruption of magnetic flux ropes to investigate how different
kinds of photospheric boundary flows accumulate H in the corona, and how
well H-related quantities identify the onset of an eruption (for a different set
of simulations see also Pariat et al., 2017; Toriumi and Takasao, 2017). These
authors applied the decomposition of H into two components (Berger, 2003;
Pariat et al., 2015), i.e. the helicity of the non-potential, or current-carrying,
component of the magnetic field, H;, and the mutual helicity between the
potential and the current-carrying field, as well as the decomposition of the
magnetic energy following Valori et al. (2013). They found that, at the onset of
the eruptions, the ratio between the non-potential magnetic helicity, H;, and
the total H had the same value for all simulations, suggesting the existence of
a threshold in this quantity, but that such a threshold was not observed for
quantities related to the magnetic energy.

From the observational side, Thalmann et al. (2019) used different computa-
tional methods to study two ARs with eruptive and confined flare production
and confirmed the ability of the current-carrying to total helicity ratio, H;/H, to
identify the eruptive potential of an AR. They found, however, that the numerical
value of the helicity ratio is not enough to predict the magnitude or type of
eruptive flare. They also confirmed the previous result (LaBonte, Georgoulis,
and Rust, 2007) that the ratio of total helicity to the square of the magnetic
flux (H/¢?) is not a good indicator of eruptivity. Gupta, Thalmann, and Veronig
(2021) found, based on their study of 10 ARs producing large flares, precise limits
of H;/H and other quantities to segregate ARs producing eruptive and confined
flares (see also Tziotziou, Georgoulis, and Raouafi, 2012; Tziotziou et al., 2014).

There are basically two families of methods to compute magnetic energy
and helicity in observed ARs: finite volume methods (see Valori et al., 2016),
based on computing these magnitudes from models of the AR magnetic structure
extrapolated from photospheric magnetograms into a finite coronal volume; and
flux integration methods (see, e.g., Pariat, Démoulin, and Berger, 2005; Liu and
Schuck, 2012), based on the injection and accumulation of magnetic energy and
helicity computed from the evolution of observed photospheric magnetograms
along a given time. Thalmann et al. (2021) compared some of these methods
by applying them to a single case of an AR evolution associated to an X-class
eruptive flare. They found a reasonable correspondence between the results ob-
tained with the different methods but concluded that, thus far, a full description
of the evolution of an event may only be achieved by the combined use of these
methods. Similarly, Liokati, Nindos, and Liu (2022), based on their analysis
of the emergence process of CME-producing ARs, suggested that any study of
the eruptive potential of ARs should consider magnetic helicity together with
magnetic energy. Liu et al. (2023) applied a superposed epoch analysis method
to a set of eruptive and non-eruptive flares from different ARs, by analyzing the
magnetic energy and helicity obtained with a finite volume method based on non-
linear force-free models, and a flux integration method based on the photospheric
velocity field computed using the differential-affine velocity procedure (DAVE,
Schuck, 2008; Welsch et al., 2009). They found that while eruptive events tend
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to show a marked decrease in magnetic energy and helicity during the events,
non-eruptive cases do not exhibit variations larger than the associated errors.
They also reported that magnetic energy and helicity levels replenished back
to pre-event values after an average of 12 h after the events. Curiously, in the
eruptive cases they also observed a sudden decrease of the photospheric twist of
the ARs before the events, followed by an increase right after them. This behavior
suggests some kind of bounce back mechanism at work during the eruptions that
would require further study in the future.

The widespread availability of vector magnetogram data at a reasonable ca-
dence brought the possibility of computing on a regular basis series of magnetic
parameters to characterize the major or minor tendency of ARs to produce
flares and ejections (see, e.g., Leka and Barnes, 2007). This was implemented
as part of the Space-Weather HMI AR Patches (SHARP) pipeline developed by
Bobra et al. (2014), which includes AR global magnetic parameters computed
from vector magnetograms obtained with the Helioseismic Magnetograph Imager
(HMI, Scherrer et al., 2012) on board the Solar Dynamics Observatory (SDO).
This database has been later extended to include data from the Michelson-
Doppler Imager (MDI, Scherrer et al., 1995) on board the Solar and Heliospheric
Observatory (SOHO) (Bobra et al., 2021). Although due to the stochastic nature
of flaring and eruptive events no magnetic parameter could be identified as a
single precursor of an imminent event (see Kontogiannis, 2023), growing sets of
parameters are being considered in large scale statistical studies focused on flare
and CME forecasting (Leka et al., 2019a,b), including those applying machine
learning methods (see, e.g., Bobra and Couvidat, 2015; Bobra and Ilonidis, 2016;
Nishizuka et al., 2017; Georgoulis et al., 2021).

In this article, we study the magnetic evolution of AR NOAA 11476, which
in approximately 16 h between 9 and 10 May 2012, produced three confined
ejections of the surge type due to minifilement eruptions associated to M-class
flares. In previous works (Lépez Fuentes et al., 2018; Poisson et al., 2020), we
studied the topology and evolution of the magnetic configuration that produced
the first two of these events. The third event was studied by other authors (Yang
and Zhang, 2018). Here, we focus on the evolution of the photospheric magnetic
field along several days around the time of the events to analyze what are the
characteristics that define the non-potentiality of the AR that provided the free
magnetic energy released during the flares and eruptions. For that, we use a
series of photospheric magnetic parameters obtained from SHARP data, both
for the full AR and a partial subregion of interest. We also compute the injected
magnetic energy (through the Poynting flux) and magnetic helicity using the
DAVE for vector-magnetograms (DAVE4VM, Schuck, 2008) tool.

In Section 2 we briefly summarize the global evolution and characteristics of
the AR and the eruptions, in Section 3 we describe the data and methods used
for the analysis, in Section 4 we present our results, and we discuss and conclude
in Section 5.
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Figure 1. SDO/HMI line-of-sight magnetogram of AR 11476. The date and universal time of
the data are provided at the top of the panel. Black and white areas correspond, respectively,
to negative and positive magnetic fields. Magnetic field values are saturated in £+ 1000 G.
The black square indicates the location of the bipolar structure whose rotation (see Figure 2)
was the source of the injection of magnetic energy and helicity that eventually produced three
confined eruptive events. The units in the axes are arcsec in the plane of the sky from the solar
disk center.

2. The Evolution of AR 11476
2.1. Photospheric Evolution

AR NOAA 11476 appeared on the eastern solar limb on May 4, 2012. By May
7 (around the time when our analysis begins) and successive days, the AR, as
observed in line of sight (LOS) HMI magnetograms, consisted of a generally
bipolar configuration formed by a relatively compact leading negative polarity
followed by a more extended and fragmented positive polarity. Figure 1 shows
the photospheric magnetic field of the AR around 12:00 UT on May 9, 2012,
minutes before the first of the surge-type eruptions mentioned in Section 1. From
the beginning of the analyzed evolution, a smaller bipolar structure is observed
in the middle of the main positive polarity, as highlighted with a black square in
the panel of Figure 1. As described in Lépez Fuentes et al. (2018) this bipole is
observed to rotate by almost 180° between the beginning of May 8 and the end
of May 10. Figure 2 shows four snapshots of the bipole magnetic field during
the 36 h period of faster rotation. The area covered by the panels approximately
coincides with the black square area of Figure 1. Times are indicated at the top of
the panels. In Lépez Fuentes et al. (2018) and Poisson et al. (2020) we concluded
that this rotation was the main source of free magnetic energy and helicity
injected into the AR to produce the studied eruptive events. Notice that at the
north-east and very close to the bipole there is another smaller bipole, which is
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Figure 2. The panels show the evolution of the rotating bipole that emerged in the middle of
the main positive polarity of AR 11476. The area covered by the panels approximately coincides
with the square box plotted in Figure 1. The dates and universal times of the magnetograms
are provided at the top of the panels. Axes units are in arcsec in the plane of the sky with
respect to the solar disk center. The red curve in panel c¢ indicates the approximate location
of the bipole PIL, where mini-filaments were successively ejected and reformed during a lapse
of approximately 16 h between May 9 and 10, 2012. The conventions for the horizontal and
vertical axes, as well as that for the magnetic field, are the same as in Figure 1.

also observed to rotate (see its evolution in the panels of Figure 2) indicating that
all that area of the AR could be the location of magnetic helicity injection via
rotational motions or the emergence of deformed magnetic structures. Whenever
we refer to the ”"bipole” in the rest of the paper we will be referring to the larger
bipolar region.

To quantify the observed rotation of the bipole, in Figure 3 we show the
evolution of its tilt, defined as the angle that the vector joining the positive
and negative magnetic polarity barycenters forms with the direction of the solar
equator. The barycenters are computed as the magnetically weighted geometrical
centers of the positive and negative polarities as defined in Lépez Fuentes et al.
(2000) (see also Poisson et al., 2015). The computation is done over solar radial-
ized magnetograms with a cadence of 1 h and considering magnetic fields above
(below) 500 G (-500 G). The vector goes from the center of positive polarity
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Figure 3. Evolution of the tilt angle of the bipole computed as the angle that the vector
joining the main magnetic polarity barycenters (from positive to negative) form with the solar
equator. The tilt angle is defined positive in the counter-clockwise direction from the east-west
line parallel to the solar equator. Magnetic fields considered in the computation are above
(below) 500 G (-500 G). Time is in hours from May 7, 2012, 00:00 UT. The vertical dashed
yellow lines indicate the times between which the bipole rotation was identified in Lépez
Fuentes et al. (2018) and Poisson et al. (2020). The vertical dashed green lines indicate the
times when the eruptive events described in Section 2.2 occurred.

to the center of negative polarity. The tilt angle is defined as positive in the
counter-clockwise direction starting from the line parallel to the solar equator
in the usual positive x-axis direction. In the plot, time is provided in hours from
the time of the initial analyzed magnetogram, on May 7, 2012, at 00:00 UT. The
yellow dashed vertical lines indicate the times between which the main rotation
of the bipole was identified in our previous works (Lépez Fuentes et al., 2018;
Poisson et al., 2020) by visual inspection of a series of observed magnetograms,
while the green dashed vertical lines correspond to the times when the eruptive
events described in Section 2.2 occurred. As seen in Figure 3, the bipole’s tilt
angle evolution can be separated in a gradually, although noisy, negative rotation
between t~24 h and t=~45 h and a much faster rotation from then up to t=75
h, just before the last eruptive event occurs.

2.2. Eruptive Events

Between mid day May 9 and the first hours of May 10, three ejections of the
surge-type, as observed in different wavelengths, were produced in the area
around the polarity inversion line (PIL) of the larger bipole. The first event
occurred at 12:23 UT on May 9, 2012, and was associated to an M4.7 flare
(see Lépez Fuentes et al., 2018); the second one, consisting actually in a two-
step ejection, started at 21:01 UT on the same day and was associated to a
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Figure 4. SDO/AIA images in the 304 A channel of AR 11476 around the time of the first
mini-filament eruption. Date and universal times are provided at the top of the panels. Panel
a corresponds to a time just before the eruption. Green and yellow contours correspond to
+200 G levels of a nearly co-temporal HMI LOS magnetogram. The inset shows a zoom of the
area of the bipole where the mini-filament location is indicated with a white arrow. Panel b
shows the surge-type eruption close to the time of its maximum apparent extension, some 17
min after its initiation.

M4.1 flare (Poisson et al., 2020); and the third event occurred at 4:18 UT on
May 10 and was associated to a M5.7 flare (Yang and Zhang. 2018). The flare
emissions are clearly identifiable in the X-ray light-curve from the Geostationary
Operational Environmental Satellite (GOES, see Figure 1 of Poisson et al.,
2020). The origin of the ejections was the successive formation and eruption
of mini-filaments located along the bipole PIL. The red line in Figure 2, panel
¢, indicates the location of the PIL where the mini-filaments were formed. The
observed photospheric evolution indicated that the whole process was due to
the combined effect of the rotation of the photospheric magnetic field structure
(injecting magnetic helicity and free energy) and flux cancellation at the PIL.
The combination of rotation and magnetic flux cancellation was analyzed in
Poisson et al. (2020, see their Figure 4).

Figure 4, panel a, shows an image of the AR observed in the 304 A channel
of the Atmospheric Imaging Assembly (AIA, Lemen et al., 2012) right before
the start of the first event. A zoomed inset of the area around the bipole is
added; in this inset the mini-filament (identified as MF) location is indicated
with a white arrow. Overlaid yellow and cyan contours correspond to £200 G
levels of the approximately co-temporal HMI LOS magnetogram. The topological
analysis done using force-free models of the AR coronal magnetic structure, in
combination with observations in different wavelengths, allowed us to reconstruct
the evolution of the eruptions, which consisted of two reconnection processes,
one taking place below the mini-filament, that pushed the structure upwards,
and another above the mini-filament that reconnected the front of the ascending
structure with overlying longer magnetic field lines belonging to the larger struc-
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ture of the AR. These larger loops were then filled with mini-filament material as
illustrated in the ATA 304 image of Figure 4b; this panel corresponds to the time
of maximum apparent extension of the surge. The whole process is thoroughly
described in our previous works (Lépez Fuentes et al., 2018; Poisson et al., 2020).

3. Data and Method Descriptions
3.1. SHARP Photospheric Magnetic Parameters

To study the characteristics of the magnetic evolution of AR 11476 that led
to the production of the three eruptive events described in Section 2.2, we use
a series of magnetic parameters included in the database of the Space-weather
HMI Active Region Patches (SHARP, Bobra et al., 2014). The SHARP package
provides HMI data products in the form of Flexible Image Transport System
(FITS) files containing LOS and vector magnetograms, Doppler velocity maps,
and continuum intensity images of ARs identified using an automatic tracking
procedure. Each magnetic concentration automatically identified as an AR is
called an HMI Active Region Patch (HARP). Since the procedure identifies
more field concentrations than those corresponding to NOAA ARs, HARPs
follow their own numeration. Each NOAA AR has then its corresponding HARP
identification number, which in the case of AR 11476 is 1638. HARP datasets
are produced at a rate of one every 12 min, corresponding to the HMI vector
magnetogram cadence.

Global magnetic parameters computed over each HARP are included in the
FITS header accompanying the corresponding data array. These include 16 in-
dices associated with characteristics such as the total magnetic flux, the spatial
gradients of the field, the vertical current density and current helicity, and proxies
for the free magnetic energy. These are parameters which have been associated
with the level of non-potentiality of the AR and regarded as possible indicators
of flare productivity (Leka and Barnes, 2007). The parameters are computed
only on magnetogram pixels accomplishing a threshold of confidence defined by
the quality of the disambiguation of the transverse magnetic field. The full list
of parameters and their mathematical expressions are provided in Bobra et al.
(2014).

In the present analysis, we use the magnetic parameters from the SHARP
datasets of AR 11476 for the complete five days between May 7 and 11, 2012. The
SHARP team produces near-real-time versions of the data and a more carefully
processed definitive version at later times. Here, we use the definitive version
of the processed data. Since we are interested in both, the magnetic evolution
of the full AR, but also of the area containing the bipole in an isolated way,
we make our own computation of the parameters covering only that area. To
select the area of interest around the bipole we use an automatic optimization
procedure that encases, for each LOS magnetogram, the maximum magnetic
flux that simultaneously accomplishes flux balance within the selected region.
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Table 1. Names and mathematical expressions of the magnetic parameters used in
the analysis of the evolution of AR 11476 (as provided by Bobra et al., 2014).

Parameter Expression

2 ] 2
Horizontal gradient of horizontal field |VBy| = % > \/<83h> + (ch>

oz By
Horizontal gradient of vertical field VB.|= + 3 \/<8£z )2 + (%)2
Total unsigned magnetic flux d =3"|B.|dA
Total unsigned vertical current Terorar = 2 |J=|dA
Mean excess of magnetic energy density P x % > (BO% — BPO’S)2
Total magnetic free energy density Ptot X Y (BObS — BP"t)2 dA
Mean twist parameter o Qtotal X Zg%gz
Total unsigned current helicity He,ppur < 20 |Bz - J2|

In Section 4 we describe and analyze the evolutions of eight of the 16 SHARP
magnetic parameters used in our analysis with a cadence of one magnetogram
per hour (see Figures 5 and 6). The selection of these eight parameters, out of
the 16 analyzed, is based on the fact that the rest of the parameters correspond
to similar proxies of the AR magnetic characteristics, showing the same kind
of evolution as the selected eight. In Table 1 we reproduce the mathematical
expressions of the eight parameters shown in the figures, as provided by Bobra
et al. (2014).

3.2. Magnetic Energy and Helicity Injection

As part of the analysis of the magnetic evolution of AR 11476, we compute the
injection of magnetic energy and helicity into the AR over the time indicated in
Section 3.1, May 7-11, 2012. Following Liu and Schuck (2012), the magnetic
energy input through the AR photospheric boundary, S, is computed using
(Kusano et al., 2002)

dE
dt

1 1
=0 SBfVMdS— E/S(Bt-VM)BndS, (1)
S

where B; and B,, are, respectively, the tangent and normal components of the
magnetic field with respect to the photosphere obtained from deprojected vector
magnetograms, and V) ; and V|, are the photospheric tangent and normal com-
ponents of the velocity projected in the direction perpendicular to the magnetic
field. Written in this way, the first term of the right hand side of Equation 1
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Figure 5. Evolution of the four magnetic parameters computed from HMI vector mag-
netograms for the full AR 11476 (cyan curves where they are represented) and the area
corresponding to the bipole (in magenta). The names of the parameters appear at the top
of the panels. Time is measured in hours from the date and universal time of the first analyzed
magnetogram, as indicated in the label of the horizontal axes (top = May 7 2012 00:00 UT).
The vertical dashed yellow lines indicate the approximate beginning and end of the period
along which the bipole was observed to rotate. The vertical dashed green lines indicate the
times of the confined eruptions.

corresponds to the injection by flux emergence, while the second term corre-
sponds to the injection by photospheric shear (tangent) motions. Similarly, the
magnetic helicity injection can be separated into emergence and shear terms as
follows (Berger, 1984),

ar
dt

= 2/ (Ap - By) Vi ,dS — 2/ (A, - Vi) BndS. (2)
s s s

In the above equation, H is what we simply refer as magnetic helicity, but
it is in fact the relative magnetic helicity (the difference between the actual
magnetic helicity and the magnetic helicity of the potential field having the same
normal component as the actual magnetic field at the photospheric boundary).
In Equation 2, A, is the vector potential of the potential field, related to the
normal component of the magnetic field through V x A, - n = B,,, where n is
the normal unit vector to the photosphere. A, also satisfies the Coulomb gauge
V - A, = 0 and the boundary condition A, - 1 = 0. With these conditions, in

Cartesian coordinates A, can be expressed as (Pariat, Démoulin, and Berger,
2005)
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Figure 6. Evolution of the four magnetic parameters computed from HMI vector mag-
netograms for the full AR 11476 (cyan curves where they are represented) and the area
corresponding to the bipole (in magenta). The names of the parameters are shown at the
top of the panels. Time is measured in hours from the date and universal time of the first
analyzed magnetogram, as indicated in the label of the horizontal axes (to = May 7 2012
00:00 UT). The vertical dashed yellow lines indicate the approximate beginning and end of the
period along which the bipole was observed to rotate. The vertical dashed green lines indicate
the times of the confined eruptions.

1 T —x
A,(x) = %ﬁ X /SBn(:c’)mdS’, (3)
where x and x’ correspond to two vector positions on the photospheric mag-
netogram. By replacing Equation 3 in Equation 2 one obtains a full expression
for the magnetic helicity injection which can be computed directly from de-
projected vector magnetograms. The only parameters still to be determined
in Equations 1 and 2 are the normal and tangential components of the veloc-
ity, V1 and V. These are obtained using the Differential-Affine Velocity for
Vector-magnetograms procedure (DAVE4VM, Schuck, 2008), which estimates
the velocity by a Pearson correlation and Spearman rank order optimization
of the relation between the magnetic and velocity fields given by the induction
equation,

0B,
ot
where V; corresponds to photospheric tangential derivatives. Finally, to keep

only the relevant velocity components, V; and V,, the following relation is
used

+ vt . (VnBt - WBn) = O, (4)
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Figure 7. Evolution of the magnetic energy injection for AR 11476. (a): Injection rate com-
puted at a cadence of 1 per hour from two successive HMI vector magnetograms for the full AR
area. The curve has been smoothed with a 5-point running average for clarity. (b): Accumulated
integration of the rate plotted in panel a. (c¢): Same as panel a for the magnetogram area
containing only the bipole. (d): Accumulated integration of the rate plotted in panel c.

V, =V - %B, (5)
where V is the velocity computed using the DAVE4VM method.

Due to the temporal dependence of Equation 4, each velocity computation
requires two successive magnetograms to be performed. In order to have the same
temporal resolution of one datapoint per hour as for the SHARP parameters
(see Section 3.1), we use one pair of successive magnetograms, separated by
12 minutes (the maximum HMI cadence), per hour. The first magnetogram of
each pair corresponds to that from which the SHARP magnetic parameters were
obtained, as described in Section 3.1.

In Figures 7 and 8 we show the results of applying the procedure just described
to the HMI vector magnetograms considered for the evolution of AR 11476.
Figure 7 corresponds to the magnetic energy injection, where panels a and b
correspond to the full AR, while panels ¢ and d consider only the area of the
bipole. Panels on the left (a and c¢) correspond to the total injection rates in
erg s~1 for the area considered, while panels on the right (b and d) show the
accumulated sum of the injected energy, assuming an approximately constant
rate along each integrated hour interval, corresponding to the value computed
at the beginning of the interval. Since the hourly injection rates are very noisy,
in panels a and c the corresponding curves were smoothed using 5-point running
average. Similarly, Figure 8 follows the same conventions as Figure 7 but for the
magnetic helicity injection rate and the corresponding accumulated sums.
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4. Analysis of the results

In Figures 5 and 6 we show the evolution of the magnetic parameters described in
Section 3.1, whose mathematical expressions are provided in Table 1. The names
of the parameters are provided at the top of each panel. These selected magnetic
parameters, which are directly related to the non-potentiality of the photospheric
magnetic field, are the ones whose variations are most clearly correlated with the
evolution of the bipole rotation. As in Figure 3, in the panels of Figures 5 and 6
we have added dashed vertical lines indicating, in yellow color the times between
which the bipole was observed to rotate and in green color the times when the
eruptive events described in Section 2.2 occurred. In both figures, the magenta
curves correspond to the evolution of the parameters computed in the bipole
area, described in Section 3.1, while the cyan curves, when included, correspond
to the computation of the parameters on the full AR area. The latter curves
are only included in the panels corresponding to parameters that are intensive
quantities, like mean values or densities, for which the computation over the
bipole and the AR areas have comparable orders of magnitude (panels a and
b in Figure 5 and panels a and ¢ in Figure 6). Extensive parameters, like total
sums over the analyzed areas, are up to a couple of orders of magnitude different
for the bipole and the full AR, so they cannot be represented using comparable
scales (panels ¢ and d in Figure 5 and panels b and d in Figure 6). As in Figure 3,
in the time axes, we use hours after the observation date of the first considered
magnetogram (very near 00:00 UT of May 7, 2023, as indicated in the z axis
legends of the lower panels).

Panels a and b of Figure 5 show, respectively, the evolution of the mean hor-
izontal gradients of the horizontal and vertical components of the photospheric
magnetic field. Both parameters have a similar evolution. Over the fluctuations,
a clear increase of the average values of the parameters begins in coincidence
with the start time of the observed bipole rotation (indicated in the panels
with the first dashed vertical yellow line). This tendency continues up to the
time when the first eruption occurs, keeping an approximately constant mean
during the events (green vertical dashed lines). Both parameters are observed
to decrease after the events. The relation between the field horizontal gradients
and the bipole rotation is basically due to the shear that the rotation produces
on the photospheric field. Comparatively, the cyan curves, corresponding to the
full AR, show a smoother increase, that seems to stop after the bipole rotation
ceases, suggesting that part of the AR field gradients increase may be due to
this contribution.

Regarding the magnetic flux, represented in Figure 5, panel c, it maintains an
approximately constant average during the first part of the bipole rotation, up
to the time of the first eruption, when it starts to continuously decrease. This
magnetic flux decrease was identified in our previous studies (Lépez Fuentes
et al., 2018; Poisson et al., 2020), in which the analysis suggested that flux
cancellation was one of the main triggers of the magnetic reconnection process
that initiated the mini-filament eruptions.

The remaining parameter of Figure 5, presented in panel d, corresponds
to the total unsigned vertical current, another magnitude identified with the
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Figure 8. Evolution of the magnetic helicity injection for AR 11476. (a): Injection rate
computed at a cadence of one per hour from two successive HMI vector magnetograms for
the full AR area. The curve has been smoothed with a 5-point running average for clarity.
(b): Accumulated integration of the rate plotted in panel a. (c): Same as panel a for the
magnetogram area containing only the bipole. (d): Accumulated integration of the rate plotted
in panel c.

non-potentiality of ARs (Leka and Barnes, 2007). It shows a dramatically clear
correlation with the rotation of the bipole and the occurrence of the events. Once
again, there is a sustained average increase up to the time of the first eruption,
followed by an abrupt decrease during the events that continues afterwards at a
lower rate.

The dramatic variations observed in the unsigned vertical current measured
over the bipole area are also present in all the parameters of Figure 6, where we
show the evolution of the mean excess of magnetic energy density (panel a), the
total magnetic free energy density (panel b), the mean twist parameter « (panel
¢), and the total unsigned current helicity (panel d). In the panels corresponding
to intensive parameters (a and c), we also include the evolution curves of those
computed for the full AR (cyan curves). Except for the mean «, the rest of the
parameters shown in Figures 5 and 6 are positive by definition. The negative sign
of the mean « is consistent with the expected tendency of northern hemisphere
ARs to have negative magnetic helicity sign, according to the known hemispheric
rule (see, e.g., Pevtsov et al., 2014).

As in the case of the intensive parameters of Figure 5 (panels a and b) in
Figure 6, panels a and c, the mean excess of magnetic energy density and the
mean twist for the full AR (cyan curves) show a smooth increase in magnitude
only during the period of the bipole rotation, suggesting that this rotation is
a main contributor to their global variation. Also to be noted, is that the «
parameter has the same (negative) sign for both the bipole and full AR.
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Summarizing, the evolution of the parameters shown in Figures 5 and 6 in-
dicate a clear increase in magnitude, in coincidence with the observed bipole
rotation, followed by a decrease that begins as soon as the mini-filament erup-
tions occur. The similarity between the evolution of the parameters might not
be surprising, provided that all of them are computed from spatial derivatives of
the observed photospheric field. What is remarkable though, is the clear way in
which the timing of the rotation and eruption occurrences mark the steps of the
evolution of the parameters, implying a direct relation between the rotation and
further energy release and the reconfiguration of the photospheric magnetic field.
This suggests that, at least in a case of a rapid field reconfiguration produced by
bulk photospheric motions, these parameters are good indicators of soon-to-be-
produced flares and eruptions. It is noteworthy that part of the success of these
parameters to so clearly reflect the configuration evolution, is due to the fact
that they are computed over a selected area that precisely covers the region of
interest (the bipole). A computation made over the full AR does not necessarily
provide such clear results.

As we described in Section 3.2, in Figures 7 and 8 we plot the photospheric
injection and accumulated sum of the magnetic energy and magnetic helicity for
the full AR (panels a and b) and an area containing only the bipole (panels ¢
and d), respectively. In both figures, the color coding of the curves is blue for
the computation of the emergence terms and red for the shear terms, as defined
in Section 3.2 (Equations 1 and 2). The black curves correspond to the total
injection, which is the sum of those two terms. These injection rates and the
corresponding accumulated sums are extensive quantities that produce values
that are several orders of magnitude different for the full AR and the bipole.
This is the main reason why we plot them in separate panels.

As we did in Figures 5 and 6, in all the panels of Figures 7 and 8 we add
vertical dashed lines indicating the interval of the bipole rotation (in yellow)
and the times when the eruptions occurred (in green). Despite being smoothed
with a 5-point running average the evolution of the injection rates (panels a and
¢ in both figures) is still very noisy. For that reason, except at the times when
the rates clearly depart from 0, it is difficult to infer what is the net injection
taking place. The panels (b and d) on the right of the figures, corresponding
to the accumulated injection integrated in 1 hour intervals as described in
Section 3.2, allow us to have a clearer notion of how the injections evolve. It
is worth reminding that the accumulated quantities computed here are related
to the actual injection only in an average way, since we compute the rates at
a cadence of one per hour, so the cumulative integration is done considering
an approximately constant rate between one computation and the next. It is
also worth mentioning that the computed injections only indicate the amount
of magnetic energy and helicity that should be added to the initial content of
these quantities in the AR at the beginning of the analysis, which are of course
unknown in this case. Negative energies as observed in some of the panels of
Figure 7 are thus not necessarily unrealistic or nonphysical.

Panels b and d of Figure 7 show a generally sustained energy injection in
the full AR and the bipole areas present in both the emergence and shear
components, with the exception of a short decreasing interval between t ~ 30
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and 40 h in the cumulative energy injection of the bipole, followed by a strong
injection that coincides with the fastest rotation period of approximately 30 h
represented in the panels of Figure 2 and in Figure 3 (between ¢ =~ 45 and 75 h).

The plots of Figure 8 show a qualitatively similar evolution for the magnetic
helicity injection in the whole AR (panels a and b) and in the bipole area (panels
¢ and d), with minor differences in details. The panels indicate a net positive
helicity injection (black curves) produced by the sum of a larger positive shear
component (red curves) and a smaller negative emergence component (blue
curves) of lesser magnitude. Both contributions in both cumulative injection
curves (panels b and d) show a sustained growing tendency up to the time
when the eruptive events occur (green dashed vertical lines). While the negative
emergence term continues to grow in magnitude, the shear component injection
stops to grow eventually reverting the sign of the injection rate after the events
(see how the fluctuating red curves turn negative after the events and, moreover,
after the bipole rotation ceases). This change of sign in the shear component of
the helicity injection rate, added to the negative emergence component, produces
a dramatic change in the total injection as reflected in all the black curves, the
ones corresponding to the injection rate (panels a and c) and their respective
cumulative values (panels b and d).

Notice that the positive injection of shear helicity is already present before
the identified start of the bipole rotation (first vertical dashed yellow line in
Figure 8). This initial injection could be due to the rotation of small magnetic
features associated with the initial emergence of the top of the magnetic structure
that will form the observed bipole, which is not necessarily reflected in the
computations of Figure 3.

It is worth noting that, since all the computations involving the full AR
include the bipole area, it is expected that the evolution on the bipole have
some influence over the full AR measurements, being somehow reflected on its
evolution. However, the full AR curves are more than one order of magnitude
larger than the curves computed for the bipole area. It is hard to say what part
of the observed behavior is directly due to the bipole evolution, as it is clear that
the contribution of other parts of the AR, which are outside our analysis, must
have a non-negligible influence on this evolution. One would expect the effect
of the bipole evolution to be more diluted in the evolution observed in the full
AR. It is interesting to see though that the evolution of the full AR qualitatively
resembles the evolution in the bipole area.

5. Discussion and Conclusions

The results presented in Section 4 provide a consistent scenario for the evolution
of the analyzed parameters and their relation to the observed bipole rotation
and production of eruptive events. The presence of a rotating bipole in the
middle of the AR produces a localized injection of magnetic energy and helicity
in the configuration, which reflects in the increase of photospheric parameters
that provide a measure of strong field gradients, torsion, and helicity and energy
density. This is confirmed by direct measurements of injected energy and helicity
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Figure 9. Cartoon showing the deformation suffered by an Q-loop flux tube (left) whose top
is rotated in the clockwise direction (see thick black curved arrow on top of the loop). The
drawing on the right shows the resulting deformed flux tube with positive writhe magnetic
helicity.

showing a similar evolution. The accumulation of magnetic energy in the strongly
sheared structure in and around the PIL of the bipole, accompanied by flux
cancellation and the formation of a mini-filament, ends up in an instability that
ejects the mini-filament material. This material is thus injected by reconnection
into the overlying arcade of larger scale AR loops producing the surge eruption.
This same process repeats three times along the approximately 16 h of maximum
injection of magnetic energy and helicity. The process stops as soon as the large
concentration of shear around the PIL and the bipole rotation cease.

Let us now analyze what could possibly be the origin of the observed bipole
rotation. There are two possible scenarios to explain this evolution. In the first
one, a regular magnetic flux tube in the form of a typical Q2-loop emerges in the
middle of the AR with a positive leading polarity and a trailing negative polarity.
This is illustrated in the left panel of Figure 9. If a photospheric vortical motion in
the clockwise direction is applied over this bipolar structure, as indicated by the
circular thick black arrow on top of the loop, that would produce a deformation
of the main axis of the flux tube so that it acquires positive helicity in the form
of writhe. Writhe is defined precisely as the magnetic helicity component related
to the deformation of the main axis of an Q-loop flux tube (see e. g., Pevtsov
et al., 2014). This clockwise motion is precisely how the bipole is observed to
rotate, and it is also why the shear term of the magnetic helicity injection (see
Figure 8, panels ¢ and d) on the bipole has a positive sign. The rotational
motion, as observed in the evolution of the magnetograms, is interpreted by
the computational procedure as a positive helicity injection. It is perhaps worth
mentioning that the illustrations of Figure 9 are presented as a motivation to
interpret the injected helicity sign and they do not pretend to represent the
dimensions and proportions of the actual structure.

A second possible scenario is shown in Figure 10, in which an already deformed
flux tube with negative writhe is observed to emerge. As the flux tube emerges
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the relative positions of the magnetic polarities on the photosphere produce an
apparent clockwise rotation coherently with the observations. We emphasize that
the mathematical computation given by Equations 2 and successive ones are not
able to differentiate between the above two scenarios and it will identify a clock-
wise rotation with a positive magnetic helicity injection. Once again, the cartoon
is for illustrative purposes and does not pretend to be a real representation of
the system actual dimensions and proportions. As we discuss in what follows,
we consider that the interpretation based on the emergence of a flux tube with
negative writhe is more consistent with the overall context.

First of all, AR 11476 is a north hemisphere AR, so according to the Hale-
Nicholson law (Hale and Nicholson, 1925) for Solar Cycle 24, its global bipolar
magnetic structure is expected to have a negative preceding polarity and a pos-
itive following polarity, as it actually occurs, consistently with a global toroidal
field orientation from east to west. Regarding the bipole, the magnetic ori-
entation of the feet of the (2-loop shown in Figure 9 is opposite to the one
expected in the north hemisphere for Cycle 24. On the other hand, in the case
of the magnetic flux tube with negative writhe shown in Figure 10, although
the apparent orientation at the beginning of the emergence seems to be non-
Hale, the ultimate orientation of the feet of the flux tube is consistent with the
expected Hale-Nicholson orientation.

Secondly, according to the hemispherical rule of the magnetic helicity sign,
northern hemisphere ARs tend to have negative magnetic helicity. This is pre-
cisely the case of AR 11476, both globally and for the bipole in particular, as
shown in Figure 6 with the evolution of the force-free o parameter, which is
a proxy of the twist helicity. Also, the emergence component of the magnetic
helicity injection presented in Figure 8 is consistently negative, supporting an
overall negative helicity for the AR and the bipole. As we already discussed,
the apparently positive shear injection component can be easily explained by
the emergence of a negative writhe flux tube. In support of an overall negative
magnetic helicity, we should also mention that the analysis of the topology of
the coronal magnetic structure of the whole AR and the region around the
bipole, studied in our previous work (Lépez Fuentes et al., 2018), indicated the
systematic presence of negative magnetic twist.

Although the presence of negative magnetic twist in the bipole does not
necessarily mean the emergence of a negative writhe flux tube, there exists a
mechanism that supports our assumption and can link both facts. The process
known as kink instability occurs when a deformed magnetic structure, such as
a twisted magnetic flux tube, reaches a threshold above which the magnetic
helicity is transferred from twist to writhe, deforming the whole tube structure
(see e. g., Fan, 2021). Although other mechanisms could be responsible for the
flux tube deformation, such as rotational motions in the solar interior before the
structure emergence (see e. g., Lopez Fuentes et al., 2003), we think that the
above arguments support the plausibility of a scenario based on the development
of a kink instability.

Finally, against the possibility of a photospheric vortical motion able to pro-
duce the observed clockwise rotation of the bipole, we are not aware of any
reported observations of motions of that spatial scale (10 Mm) and rotational
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Figure 10. Cartoon representing the progressive emergence of a deformed flux tube with
negative writhe helicity. The successive planes show the relative positions of the photosphere
as the flux tube emerges. The relative positions of the magnetic polarities where the flux tube
cuts the photosphere represent the observed rotation of the bipole that emerged in the middle
of the main positive polarity of AR 11476.

velocities (~3 deg h™!) sustained over such periods of time (tens of hours).
We, therefore, conclude that the scenario described in Figure 10, based on
the emergence of a deformed flux tube, offers an explanation of the observed
evolution that is overall more consistent with other known facts.

In this article, we study the evolution of AR 11476 based on the analysis of
a series of magnetic parameters and the computation of the injected magnetic
energy and helicity. To be able to obtain a complete description of the evolution
we need to focus the analysis in a particular sub-region of the AR, namely, a
magnetic bipole at whose PIL mini-filament structures were reformed and ejected
along a time lapse of approximately 16 h. We confirm that the rotation of this
bipolar substructure along several tens of hours was the main mechanism for
the injection of magnetic energy and helicity that eventually provided a way
for the occurrence of flares and confined eruptions. Our analysis also confirms
the conclusion reached by other authors that for a full diagnostic of the flare
and CME productivity of an AR it may be necessary to use different proxies for
its magnetic evolution (Thalmann et al., 2021; Liokati, Nindos, and Liu, 2022).
Moreover, focusing the analysis in particular sub-regions might be sometimes
necessary to fully understand the involved processes (see, e. g., Ji et al., 2023, and
references therein). These are possibly the main reasons why no single magnetic
parameter or measurement has been able to date to provide a definitive proxy
for the prediction of active events. The future application of artificial intelligence
and machine learning techniques should include ways to extract particular infor-
mation from localized areas of ARs. The computation of global parameters could
be insufficient to provide full diagnostics for the prediction of eruptive events.
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In recent years, there has also been a strong effort to find thresholds in some
of the analyzed parameters, including injected magnetic helicity, that could be
used to discriminate between eruptive and non-eruptive flares (see, e. g., Liu
et al., 2023), i. e., flares associated and non-associated to mass ejections into
the interplanetary space. Here, we study a case that produced flares associated
to confined eruptive phenomena. Although this kind of cases might not appear
at first sight too relevant for space weather, the physics involved in the energy
injection, instability development, and eruption in a more localized and smaller
scale system might provide important clues to bridge the transit from smaller,
confined events, to full AR scale phenomena producing the most energetic CMEs.
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