Investigations of Initiation and
Evolution of Transient Phenomena in

Solar Atmosphere

A thesis submitted to GUJARAT UNIVERSITY for the degree of

Doctor of Philosophy
by
Prabir Kumar Mitra

(Registration No. 8632; date of registration: 12 January 2019)

Under the guidance of

Dr. Bhuwan Joshi

Associate Professor
Udaipur Solar Observatory

Physical Research Laboratory, Udaipur, India

DEPARTMENT OF PHYSICS
GUJARAT UNIVERSITY
NAVRANGPURA, AHMEDABAD, INDIA
FEBRUARY, 2022






to
my famzily, teachers

&4

the solar physics communaity






Declaration

I declare that the thesis entitled “Investigations of Initiation and Evolu-
tion of Transient Phenomena in Solar Atmosphere” has been prepared by
me under the guidance of Dr. Bhuwan Joshi, Associate Professor, Udaipur
Solar Observatory, Physical Research Laboratory. The thesis represents
my ideas in my own words and where others’ ideas or words have been included,
I have adequately cited and referenced the original sources. I also declare that
I have adhered to all principles of academic honesty and integrity and have not
misrepresented or fabricated or falsified any idea/data/fact/source in my submis-
sion. I understand that any violation of the above will be cause for disciplinary
action by the university and can also evoke penal action from the sources which
have thus not been properly cited or from whom proper permission has not been
taken when needed. No part of the thesis has formed the basis for the award of

any degree or fellowship previously.

Wi
fubin Fer gl
K miguature)
(Name: Prabir Kumar Mitra)
(Registration No: 8632)
(Registration date: 12 January 2019)






CERTIFICATE

It is certified that the work contained in the thesis titled “Investigations of
Initiation and Evolution of Transient Phenomena in Solar Atmosphere”
by Prabir Kumar Mitra (Registration no: 8632), is a record of original research
work done by him during the period of study under my supervision and that the
thesis has not previously formed the basis for the award to the candidate of any
Degree, Diploma or other similar titles and that the thesis represents independent
research work on the part of the scholar.

[ have read this dissertation and in my opinion, it is fully adequate in scope

and quality as a dissertation for the degree of Doctor of Philosophy.

[{(\,\y\w\m bg}ﬂ‘
mon
Dr. Bhuwan Joshi

(Thesis Supervisor)

2f. 4@+ W / Dr. Bhuwan Joshi
gRiRime MR / Associate Professor
TEAR W FerEmer

Udaipur Solar Observetory

Wy s ST

Physical Research Laboratory
afaRe AT, “INT §YPR

Dept. of Space, Govt. ofIndia
449} / Udaipur-313001






Acknowledgements

This thesis would not have come to reality without the help, support and guid-
ance of a number of people. I would like to take this opportunity to express my
sincere gratitude towards all of them.

First and foremost, I am utmost indebted to my Ph.D. supervisor, Dr. Bhuwan
Joshi, for all his continuous motivation, intellectual and spiritual support, and
help in uncountable aspects. I received his continuous gquidance throughout my
Ph.D. tenure that includes identifying research problems, learning data analysis
and image processing techniques, scientific writing, presentation skills, etc. It was
a great experience to work under his supervision. His continuous aspiration and
encouragement enabled me to develop as an independent researcher.

I am also grateful to Prof. Astrid M. Veronig for her constructive comments,
suggestions and other academic supports which helped me improve the quality of
my Ph.D. work. She provided me multiple opportunities to visit her lab and work
in collaboration which enriched my Ph.D. experience in more than one aspects.

I take this opportunity to express my sincere thanks to my Doctoral Stud-
ies Committee (DSC) members, Prof. Varun Sheel, Dr. Ramitendranath Bhat-
tacharyya, and Dr. Amitava Guharay for continuous evaluation of my work and
useful suggestions throughout the duration of my Ph.D. Their invaluable comments
helped me improve the scientific outcomes. Also I am grateful to them for exam-
wning the thesis.

I express my gratitude to Prof. Anil Bhardwaj, Director, Physical Research
Laboratory (PRL) for providing the necessary facilities to carry out my research
work. I thank the PRL academic committee members for reviewing my research
progress and providing important instructions and valuable suggestions toward im-
proving the thesis content. I am specially thankful to Dr. Bhushit Vaishnav for
his enormous involvement during my Ph.D. registration at Gujarat University and
various types of help since my joining at PRL.

I am grateful to Gujarat University for my Ph.D. registration.

I would like to express my deepest appreciation to the entire family of PRL,
USO/PRL, and all the members of USO residency.

I thank all the team members of SDO, RHESSI, GOES, LASCO, HiRAS,
GONG for providing data which I utilized in this thesis. I also thank Dr. Thomas
Wiegelmann for providing the NLFFF extrapolation code which has been an integral

part of my thesis work.

Prabir Kumar Mitra Gujarat University 2022 i



I am deeply indebted to all my friends, seniors and juniors, without the joyful
company and constant support of whom it would not have been possible to pass the
Ph.D. days. I convey my sincere thanks to my beloved seniors Sajal da, Avijeet
da, Alok da, Sanjay bhaiya, Rahul bhaiya, Supriya di, Sowmya di, Sangeetha di,
Navin bhaiya, Syed Ibrahim, Ranadeep da for always motivating and supporting
me during the highs and lows of my Ph.D. years. I express my love and best wishes
to my friends and juniors, especially to Kamlesh, Binal, Satyam, Priyank, Suraj,
Sushree, Abdur, Ayan, Harish, Sandeep, Surendra, Nisha, Deepika, Sana, Sovan.

Finally, I would like to thank my family members, specially my mother and
brother; and my best friends Soumyajeet and Sushovan for all their unconditional
love and lifelong support. I thank all my friends in Kolkata, Ahmedabad, Udaipur
and all over the world. [ feel immense pleasure to dedicate this thesis to them.
They have always been by my side all the time. I also thank all my B.Sc and M.Sc
teachers and batch mates. Lastly, I convey my thanks to those with whom I have

lost contact during my Ph.D. tenure but considered important once.

Prabir Kumar Mitra

ii Gujarat University 2022 Prabir Kumar Mitra



Abstract

Solar transient phenomena correspond to various explosive activities observed
in the solar atmosphere on a wide spatial, temporal, and spectral scales. The
most spectacular manifestations of solar transients include energetic outbursts in
the form of solar flares, prominence eruptions, coronal mass ejections (CMEs)
etc. These events are observed to occur over a time-scale from few minutes to
few hours. It is globally accepted that localized, explosive energy release in solar
atmosphere is powered by previously stored magnetic energy by the magnetic re-
connection process. Naturally, they mostly originate from the solar active regions
which consist of complex configurations of strong magnetic field extending from
the sub-photospheric levels, crossing through the photosphere to the coronal layers.
Emission signatures during these events spread across the entire electro-magnetic
spectrum, being associated with an array of activities taking place at different lay-
ers of the Sun. Thus, multi-wavelength analysis is crucial to diagnose the different
underlying processes associated with the solar transient activities. Eruption of
plasma and magnetic field associated with eruptive flares and ejection of highly
energetic particles accelerated during the reconnection process are known to pro-
duce extreme space weather and hazardous effects at the near-Earth environment.
Therefore, the investigations of solar transient phenomena are considered as one
of the important topics in contemporary solar physics.

With a combined multi-wavelength observational and modeling approaches, in
this thesis, I have explored key aspects related to the onset and evolution of solar
transient phenomena, at a wide range of spatial, temporal, and spectral scales.
We have extensively used high resolution and high cadence imaging observations
in extreme ultraviolet (EUV) and ultraviolet (UV) channels from the Atmospheric
Imaging Assembly (AIA) and photospheric magnetic field observations from the
Helioseismic and Magnetic Imager (HMI) on board the Solar Dynamics Obser-
vatory (SDO). X-ray imaging and spectroscopic data from the Reuven Ramaty
High Energy Solar Spectroscopic Imager (RHESSI) have been used to investigate
the thermal and non-thermal energy release processes associated the transient ac-
tivities. Kinematic details of the CMEs in the corona and near-Sun region, was

provided by the Large Angle and Spectrometric Coronagraph (LASCO). Tem-
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poral information of solar flares was obtained by the disk-integrated soft X-ray
lightcurves in the 1-8 A and 0.5-4 A bands of the Geostationary Operational
Environmental Satellite (GOES) system. Depending upon the specific science ob-
jectives, we have also included optical and radio observations from the Global
Oscillation Network Group (GONG) and Hirasio Radio Spectrograph (HiRAS),
respectively. Complementary to the observational analysis, in order to probe the
precise coronal magnetic configuration associated with the flaring events, we have
extensively used coronal magnetic field reconstruction techniques using the poten-
tial and Non-linear Force Free Field (NLFFF) models. We extended our numerical
analysis by computing magnetic decay index (n), degree of squashing factor (Q)

and twist numbers (7,) using the reconstructed coronal magnetic field.

With an objective to investigate the triggering mechanisms of large-scale solar
eruptions, we carried out thorough analysis of two spectacular eruptive flares: a
dual-peak M-class flare from the active region NOAA 12371 on 21 June 2015 and
an X-class flare from the active region NOAA 11875 on 28 October 2013. These
case studies especially focused on the exploration of the pre-flare phases. Both the
eruptive events were associated with multiple episodes of small-scale energy release
prior to the onset of the main flares, i.e., pre-flare activities, originating within or
in the vicinity of the main flaring site. Prior to the onset of the M-class flare,
NOAA 12371 exhibited an extended phase of striking display of photopsheric ac-
tivities including motions of small magnetic patches as well as sunspot rotations.
Prolonged phase of flux enhancement followed by a relatively shorter period of
flux cancellation along the polarity inversion line (PIL) led to the build up and
activation of a flux rope. Pre-flare activity from a location characterized by strong
photospheric currents of opposite polarities, most likely induced a slipping recon-
nection towards the northern leg of the activated flux rope which resulted in its
complete destabilization during the M-class flare. The X-class flare from NOAA
11875 initiated with the eruption of a pre-existing coronal hot channel. The hot
channel underwent an activation phase during which we observed localized and
prolonged pre-flare events occurring adjacent to one of its footpoints. The erup-
tion of the hot channel was characterized by a distinct precursor phase when the

hot channel underwent a slow rise, which transitioned to eruptive motion with the
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onset of the impulsive phase of the X-class flare. The results of our investigations
suggest that continuous small-scale reconnection activities close to a flux rope can
result in the slow activation and eruption of it by adding flux content to the flux
rope as well as reducing the strapping magnetic field confining the flux rope. Fur-
ther, we have gathered different multi-wavelength observational signatures of the
standard flare which can be explained as manifestations of magnetic reconnection

in two-dimension (2D).

We extended our observational investigations of magnetic reconnection to three-
dimension (3D) by carrying out thorough multi-wavelength and modeling analysis
of circular ribbon flares. Particularly, we present in-depth study of the origin and
magnetic field evolution during quasi-circular ribbon eruptive flares from NOAA
11977 on 16 February 2014. The unique photospheric configuration governing
the homologous flares was characterized by dispersed negative polarity regions
surrounded by positive polarity regions in a shape analogous to the geological
‘atoll” structures. A filament channel resided along the PIL at the northern edge
of the magnetic atoll region. Repetitive formation and activation of flux ropes
from the filament channel led to the onset of four flares within an interval of ~11
hours. NLFFF coronal modeling complemented by the computation of ) revealed
a fan-spine-like configuration associated with the magnetic atoll region. However,
instead of the coronal null point, the fan-spine-like configuration involved a hy-
perbolic flux tube (HFT). With the course of the flares, the apparent length of
the HFT gradually decreased and the overall fan-spine-like configuration reduced
to a null-point-like configuration before the fourth flare. Prior to the eruption of
the filaments, we observed localized brightening from the location of the filament
as well as flux cancellation at the PIL, which are supportive of the tether-cutting
model for flux rope activation. Interaction of the erupting filament with the quasi-
separatrix layer (QSL) associated with the fan-like configuration gave rise to the

quasi-circular ribbons along the boundary of the magnetic atoll region.

In order to closely examine the conditions responsible for the failed eruption of
magnetic flux ropes during intense flares, we carried out comprehensive analysis
of a confined M-class flare originating from quadrupolar magnetic configuration

of NOAA 11302 on 26 September 2011. Notably, quadrupolar configurations are
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frequently observed to produce large eruptive flares. NLFFF-reconstructed coronal
configuration revealed the presence of a coronal null point in association with the
quadrupolar configuration. Over an extended phase prior to the onset of the M-
class flare, we observed multiple periods of small-scale flux enhancements in the soft
X-ray observations of GOES and RHESSI, which were associated with small-scale
reconnections from the location of the null point. Such pre-flare configuration
and evolution are consistent with the breakout model of solar eruptions. EUV
images prior to the onset of the M-class flare clearly revealed the presence of
two spatially well-separated filaments at the flaring location. Onset of the flare
was characterized by the activation of a filament which underwent a brief phase of
eruption during the impulsive phase of the flare. However, the eruption soon halted
and we observed the formation of an intertwined double-decker system involving
the two filaments during the gradual phase of the flare. Analysis of magnetic
decay index revealed a saddle-type profile above the axis of the flux rope, where
the values of decay index initially increased reaching to the conditions of torus
instability within much lower heights. However, following the initial increase,
magnetic decay index values decreased rapidly reaching to negative values before
steadily increasing again. Based on this important observation, we propose that
the negative value of the magnetic decay index not only decelerated the eruption

of the flux rope but also repelled it back downward resulting in the failed eruption.

In the year 2017, when the solar cycle 24 was progressing in the decline phase,
an exceptionally eruptive active region NOAA 12673 emerged during the period 28
August — 10 September. We undertook a comprehensive study of the evolution,
build up of magnetic complexity, and eruptivity of this historical active region
which produced 4 X-class and 27 M-class flares besides numerous C-class events.
Notably, it was NOAA 12673 which set off the largest flare of solar cycle 24, the
X9.3 flare on 6 September 2017. Our analysis suggests that continuous flux emer-
gence and photospheric activities including shearing and rotational motions were
responsible for the quick evolution of the active region from a simple a-type to the
most complex fvyd-type. As a consequence of the photospheric motions, strong
horizontal currents of both polarities built up on the photosphere along with the

developments of complex 3D features in the corona, including magnetic flux ropes,
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coronal null points, etc. In addition to the analysis of the long term evolution of
the AR, we carried out case studies of the X-class flares on 6 September 2017 and
highly impulsive homologous M-class flares on 7 September 2017. Importantly, the
M-class flares originated from a highly localized coronal sigmoid situated at the
northern edge of the central sunspot region of NOAA 12673. In view of the much
smaller length scale, the localized sigmoid can be justifiably termed as a minisig-
moid. NLFFF extrapolation results suggested the presence of two intertwined flux
ropes in a double-decker configuration within the minisigmoidal region. Our study
suggests that the magnetic complexity of active regions is strongly linked with the
flare productivity rather than the area or strength of the corresponding magnetic
flux region.

In summary, by combining high resolution high cadence observational data and
latest numerical techniques, this thesis has explored a few ill-understood and less
studied aspects of the solar transient phenomena. The thesis presents thorough
investigations of complex magnetic configurations, initiation processes and evolu-
tionary aspects of solar flares, considering events of a wide spatial, temporal and

morphological varieties.

Keywords: Solar active regions, Solar magnetic fields, Solar flares, Solar fila-

ments/prominences, Magnetic flux ropes, Solar coronal mass ejections
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Chapter 1

Introduction

Human interest on the Sun was, perhaps, developed from the inception of the
human capability of thinking. Among all the objects they could see in the sky,
undoubtedly the Sun was the most interesting object as it alone creates the dif-
ference between days and nights. As the source of light and warmth, the Sun was
naturally placed at the top positions among the Gods and all the scientifically
curious minds have always been intrigued by the sheer elegance and complexity
of the Sun. Naturally, with the advancements of human civilization, our under-
standing on the Sun has increased steadily. However, beyond the capability of
our normal vision, there lies a quite dark side of the Sun which have only become
apparent in the last few years. Therefore, in modern science, the Sun is widely
studied and a lot of research facilities are dedicated for solar studies. In particular,
the eruptive phenomena occurring on the Sun have maintained its importance in
the contemporary solar studies in view of their intrinsic relation with the space

weather phenomena (Schwenn, 2006).

1.1 Solar transient phenomena

Solar transient phenomena correspond to various explosive activities observed in
the solar atmosphere on a wide spatial, temporal, and spectral scales. The most
spectacular manifestations of solar transients include energetic outbursts in the
form of solar flares, prominence eruptions, coronal mass ejections (CMEs) etc.

These events are observed to occur over a time-scale from few minutes to few
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hours. Solar flares and CMEs provide observational constraints and physical in-
sight into magnetically-driven impulsive phenomena on the Sun and also similar
phenomena in stars and other astrophysical objects. Solar transients are key com-
ponents in the Sun-Earth connection, shaping the heliospheric environment by
releasing enhanced electromagnetic radiation and energetic particles which create
a range of geomagnetic activity classified as space weather. These space weather
events produce energetic photon and particle radiation that can adversely affect
human life, ground-based electrical systems, and space-assets, such as communi-
cations satellites (Forsyth et al., 2006; Webb & Howard, 2012). Therefore, the
investigations of solar transient phenomena are considered as one of the important

topics in contemporary solar physics.

1.2 Prominence or filament

Prominences are structures composed of relatively cool, dense plasma commonly
observed to levitate in the solar atmosphere over the limb (Figure 1.1). They are
commonly observed in the Ha emission line as well as other chromospheric images
(see reviews by Parenti, 2014; Gibson, 2018). When these structures are viewed on
the disk of the Sun, they appear in the absorption lines (Zirin, 1988); these dark,
thread like structures are called filaments (Figure 1.2). Filaments or prominences
are believed to be supported in the corona against gravity by sheared magnetic
field with a dip (Antiochos et al., 1994) or helically twisted field lines (Amari et al.,
2003).

Structure and physical properties

Based on their location, filaments are commonly classified in three categories—
active region filament, quiescent filament, and intermediate filament (Tandberg-
Hanssen, 1995). However, the basic structures of filaments are similar, regardless
of their location on the solar disk. The main upper body of the filament, usually
called the spine, stretches through the corona above the boundary between two
opposite-polarity regions on the photosphere called a polarity inversion line (PIL).

A filament can be several tens of thousands kilometers high and hundreds of thou-
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Figure 1.1: A historical prominence, nicknamed as ‘grand daddy
prominence’ observed in Ha images on 4 June 1946 that extended
~200 Mm above the solar surface. The figure is adopted from

https://www2.hao.ucar.edu/Education /Sun/grand-daddy-prominence.

sands kilometers long, yet only a few thousands of kilometers wide. The ends of
the spine, called legs, terminate in the photosphere in opposite polarity regions.
On many occasions, one can see filamentary pieces sticking out of the spine which

are called barbs (Martin, 1998).

Temperature of filaments can vary between 5000-8000 K while their particle
density ranges between 10*2-10'® m~3. It is important to note that, the tempera-
ture of filaments are ~3 orders lesser than the temperature of the ambient corona
while its density is ~3 orders higher than that of the corona. The mechanism
which enables filaments to sustain their low temperature and high density in the
hot and tenuous corona is still a point of discussion among the solar physicists

(Parenti, 2014).

Active region filaments are low-lying, rapidly evolving structures which are
formed in the newly emerged magnetic fields of an active region (AR). Quiescent
filaments, on the other hand, are relatively large structures, formed in the quiet
regions of the Sun or in the decayed ARs, which levitate high in the corona.
Intermediate filaments are formed in the mid latitudes of the Sun with one leg
terminating in ARs while the other leg terminating in a quiet region. When
these structures erupt, both prominence material and magnetic fields are expelled
together, leading to radiative signatures at multi-wavelengths in the source region

(in the form of flares) and a CME beyond the solar atmosphere.
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Figure  1.2: A filament
with spine and barbs. The
figure is adopted from
http://sidc.be/news/219 /welcome.
html

1.3 Flare

Solar flares are the most powerful explosions in the solar system. In tens of min-
utes, they can release in excess of 1032 erg of energy. Depending on the size and
released energy, solar flares exhibit a wide variety of morphological evolution and
characteristics. During a flare, huge amount of magnetic energy is released in
the form of thermal and non-thermal energies, radiating across the entire elec-
tromagnetic spectrum, i.e., from 7-rays to radio waves. Thermal signatures of
flares include optical, ultra-violet (UV), extreme ultra-violet (EUV), and soft X-
ray (SXR) emissions from post-reconnection loop arcades and flare ribbons (see re-
view by, Fletcher et al., 2011). Non-thermal signatures of flares include hard X-ray
(HXR), microwave (MW), and radio bursts which individually carries evidences of
different physical mechanisms of particle acceleration during a flare (Krucker et al.,
2008; White et al., 2011). Careful observation and appropriate analysis of flare
HXR sources can be used to constraint the location of magnetic reconnection and
particle acceleration (Masuda et al., 1994; Benz, 2017) whereas type I1I and type 11
radio bursts can indirectly provide information on the restructuring of coronal field

and early phases of CME propagation (Cairns et al., 2003; Reid & Ratcliffe, 2014).
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Flare classification

— Ha classification: In this category, a flare is characterized by its bright-
ness and spatial extents as observed in the Ha spectral line (wavelength 6563
A). A flare is considered to occur when the brightness exceeds the threshold
of 150% of the background brightness and the area exceeds more than ten
millionth of the area of the visible hemisphere of the Sun ~1.5x10'2 km?.
In the Ha classification scheme, a flare is classified by a character (called
importance class) and a letter (f, n, and b for faint, normal and bright, re-
spectively) corresponding to a subjective estimate of the brightness (Staude,

1990). The details of Ha classification is given in Table 1.1.

— GOES classification: In this scheme, a flare is classified by the SXR flux
emission during the peak phase of the flare as measured by the 1-8 A channel
of GOES satellites. SXR flux from the Sun in measured in the units of W
m~2 and expressed on a logarithmic scale. Depending on the power of 10
during the peak emission, a flare is classified with a letter and a number that
acts as a multiplier. The details of GOES flare classification is given in Table

1.2. For example, if the peak SXR flux of a flare is 9.3x10™* W m~2, then
the flare will be classified as X9.3 flare.

Table 1.1: Ha classification of solar flare

Corrected area (A)

In millionths of solar hemisphere In square degrees

Importance class

S A <100 A<2.0

1 100<A <250 2.0<A<51
2 250<A <600 5.1<A<12.4
3 600<A <1200 12.4<A<24.7
4 A>1200 A>24.7

1.4 Coronal Mass Ejection (CME)

Coronal Mass Ejections (CMEs) are one of the most spectacular and catastrophic

events in the solar system in which huge amount of plasma (~10'2-10'3 kg) along
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Table 1.2: GOES SXR classification of solar flare

Flare class Peak flux in 1-8 A (W m~2)

A 1078 to 1077
B 10~" to 107
C 1076 to 107°
M 1075 to 1074
X 10~* and above

with magnetic flux (~10%-10%3 Mx) are ejected into the interplanetary space from
the solar corona (Gosling et al.,; 1990). Often, CMEs are generated during large
solar flares, confirming that flares and CMEs are different manifestations of a com-

mon underlying basic physical mechanism.

Structure and characteristics of CMEs

Although CMEs are observed in various sizes and shapes depicting many topolog-
ical variations, a classical ‘3 part structure’ of CMEs has been proposed which is
followed by majority of CMEs. A CME having 3 part structure is made up of a
bright leading arc followed by a dark cavity and a bright core (Figure 1.3). CMEs
travel in the interplanetary space with a wide range of speed which can be as low
as 30 km s~! or as high as 2500 km s™! with an average value of ~300-500 km
s71 (Yashiro et al., 2004; Webb & Howard, 2012). Majority of the CMEs show
constant velocity or moderate acceleration. Statistical studies have confirmed that
dynamical evolution of CMEs are intrinsically related with the evolutionary phases

of flares (Zhang et al., 2001, 2004; Zhang & Dere, 2006).

1.5 Location of flare origin: active region (AR)

Solar flares almost always occur from ARs (Figure 1.4) in which high magnetic
non-potentiality resides in a wide variety of forms (see review by Toriumi & Wang,
2019). In the white light photospheric images, such locations appear as dark
patches known as sunspot groups (see bottom left panel in Figure 1.4). Because of
strong magnetic pressure in the sunspot regions, temperature decreases to ~3000—
4000 K which is much less compared to the quiet Sun photospheric temperature

of =5770 K.
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Leading Edge

Cavity !
Core -]

Figure 1.3: A three-part struc-
ture of CME, showing the loop
like leading edge, dark cavity and
2002/12/02 19:26 bright core, as seen by LASCO C2.

Depending on the strength on magnetic strength, the structure of sunspots
is divided in two parts: the umbra which is the darkest, central part, where the
magnetic field is strongest (~2000-3500 G) and approximately vertical (normal
to the Sun’s surface) and the surrounding penumbra, which is lighter than umbra
but darker than the quiet Sun, where the magnetic field is more inclined with a

magnetic strength of ~700-900 G (see Priest, 2014).

Magnetic classification of solar ARs
ARs appear in a wide variety in the spatial extension and magnetic complexity.
Depending upon the magnetic configuration, solar ARs are classified into four

primary groups: «, f3, v, and § (Mount Wilson classification; see Figure 1.5).

a type: a-type ARs are the simplest types which are composed of one unipolar

sunspot only.

b type: These are the simplest types of bipolar sunspot groups containing both pos-

itive and negative polarity regions which are separated by clear PILs.

v type: y-type ARs are complex bipolar sunspot groups in which regions of both po-
larities are arranged in a complex distribution that they can not be separated

by one PIL.

0 type: These are the most complex category in the primary classification, which are
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NOAA AR 12192 on 2014 Oct 24

NAQOJ/SFT continuum SDO/MHMI magnetogram SDO/AIA 171 A

Hinode/SOT/SP magnetogram

-

» L .“fll-:.* LR TRy,
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Figure 1.4: Solar Dynamics Observatory (SDO), Hinode, and Solar Flare Telescope
(SET)/NAOJ observations of a huge flare-productive active region NOAA 12192.
Figure is adopted from Toriumi & Wang (2019).

characterized by fragmented umbrae of opposite polarities within a common

penumbra (Kiinzel, 1960).

Notably, often ARs show signatures of multiple categories of the sunspot-
classification and in such cases, they are classified as mixed categories e.g., 37,
v6, Byd etc. On average, B-type ARs are observed to be most abundant and
Byo-type ARs are found to be most flare productive (Jaeggli & Norton, 2016; To-
riumi & Wang, 2019). Table 1.3 shows statistically estimated occurrence of ARs

according to their magnetic classification.

1.6 Temporal evolution of typical flares

During a flare, energy is released in the form of electromagnetic radiation in the
entire electromagnetic spectrum, making it a truly multi-wavelength phenomena.
Flare emissions in different electromagnetic regimes are manifestations of vari-

ous physical mechanisms taking place at different layers of solar atmosphere, and
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Figure 1.5: Cartoon diagrams showing different categories of solar active region
according to the Mount Wilson classification scheme. Figure is adopted from
Toriumi & Wang (2019).

Table 1.3: Occurrence of solar active regions according to their magnetic classifi-
cation as found by Jaeggli & Norton (2016)

Configuration Percentage of appearance

o ~19.5
16 ~64
ol ~0.04
By ~11

Bd ~0.8
6 ~0.04
Byo ~4

hence, they differ in time. Therefore, it is important to study the temporal evo-
lution in different wavelength bands during a flare to understand it in detail. In
Figure 1.6, we illustrate different phases in the temporal evolution of a typical

flare.

1.6.1 Pre-flare and precursor phase

Prior to main energy release phase, initial signatures of small-scale energy release
can be observed during the pre-flare phase. This term covers both pre-flare activity,
which refers to the very early stages of energy release, temporarily disjoint from the
onset of the impulsive phase, and the flare precursor events, which are small-scale
brightenings in UV to SXR wavelengths happening some tens of minutes before
the flare (Fletcher et al., 2011). Here, it should be noted that the small-scale
intensity enhancements observed in the spatially unresolved lightcurves might be
misleading in the identification of pre-flare activities; as independent activities
may occur close or away of the subsequent main flaring site. Spatially resolved

observations reveal that flare precursors might occur within the core field of the AR
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Figure 1.6: A schematic represen-

N o Gradual Phase = > .
Impulsive Phase tation of different phases of a typ-
Precursor ical flare in electromagnetic wave-
0 5 10 15 20 25 ap length bands and particle motion.
Time (minutes) Figure taken from Kane (1974).

which is involved in the main flare emission while pre-flare activity can originate
from locations near and far from the core field (Farnik et al., 1996; Farnik & Savy,
1998; Farnik et al., 2003). Explorations of pre-flare activities are considered to be
important in order to understand the physical conditions that lead to flares and

associated eruptions (Chifor et al., 2006, 2007; Joshi et al., 2011, 2013).

1.6.2 Impulsive phase

Impulsive phase is the short-lived phase of a flare, lasting for only a few seconds
to a few minutes, during which magnetic energy is rapidly released in the forms
of thermal and non-thermal energies, via a fundamental process called ‘magnetic
reconnection’ (Priest & Forbes, 2002). This primary energy release phase is char-
acterized by sudden enhancements in the HXR, MW, type III radio bursts, UV,
EUV, optical and, in some cases, v-rays also. The release of non-thermal energy
implies accelerations of electrons to the relativistic speeds, collision of which with

the chromospheric materials give rise to HXR sources (shown by blue color in Fig-
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Figure 1.7: RHESSI flare observa-
tions of soft X-rays (8-12 keV; red)
and hard X-rays (20-50 keV; blue)
overlaid on an Ha background.
The two elongated brights struc-
tures on the Ha background are
called flare ribbons. Figure taken

from Benz (2017).

ure 1.7) at the footpoints of the post-reconnection loops. Recent observations have
also revealed that HXR sources can be found in the corona which mark the precise
location of magnetic reconnection (Fletcher et al., 2011; Benz, 2017). The thermal
signatures of impulsive phase is characterized by a pair of elongated brightening
along the footpoints of the post-reconnection arcade known as ‘flare ribbons’ (see
Figure 1.7). With the flare evolution, flare ribbons apparently move away from
each other (see e.g., Fletcher & Hudson, 2002; Krucker et al., 2003; Veronig et al.,
2006; Temmer et al., 2007; Mitra et al., 2018). Further, interaction between the
accelerated electron beams with the ambient corona gives rise to type III radio

signatures (Reid & Ratcliffe, 2014).

1.6.3 Gradual phase

The gradual phase is the relatively long-lived phase following the impulsive phase
that may last from tens of minutes to a few hours. Magnetic reconnection usu-
ally stops during this phase or the location of magnetic reconnection moves to
much coronal heights with significant reduction in the reconnection rate. Heated
chromospheric plasma during the impulsive phase slowly moves upward along the
post-reconnection loops, in a process called ‘chromospheric evaporation’ (Doschek
& Warren, 2005). EUV and SXR emission from these hot plasma is identified in
the form of highly structured post-reconnection arcade (left panel in Figure 1.8)
which connect the chromospheric flare ribbons. With the evolution of the gradual
phase, post-reconnection arcades appear to grow upwards and outwards in time in

conjunction with the increasing separation of the flare ribbons (Gallagher et al.,
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Figure 1.8: Left panel: A dense, highly structured post-reconnection flare arcade
observed in the TRACE 171 A channel. Right panel: A post-reconnection cusp
structure observed by Yohkoh/SXT. Figure is adopted from Fletcher et al. (2011).

2002). When post-reconnection arcades are viewed from a side angle, they ap-
pear as ‘cusp’ structures which can be observed in SXR and EUV wavelengths
(Tsuneta et al., 1992; Yokoyama et al., 2001; Hernandez-Perez et al., 2019a). The
post-reconnection arcades generally show a temperature gradient with the outer-
most loops being the hotter than the inner loops (i.e., loops closer to the PIL)
(Forbes & Acton, 1996). This suggests that as the magnetic reconnection region
moves upwards in the solar corona, it involves successive shells of magnetic loops
with footpoints rooted at the chromospheric ribbons (Shibata et al., 1996). As the
flare moves into the decay phase, the hot plasma from the post-flare arcade slowly

radiates its energy and cools down (Fletcher et al., 2011; Benz, 2017).

1.7 Standard flare model

Solar flares offer a wide variety of spatial and temporal evolutionary aspects. How-
ever, flares which are triggered by eruption of filaments seem to follow a few com-
mon multi-wavelength signatures, viz., a pair of ribbon-like brightening, footpoint
HXR sources, development of a highly structured flare arcade, etc. (see Sec-
tion 1.6). To explain these broad flare signatures, a standard flare model, also
known as CSHKP model (Figure 1.9) has been developed combining the studies of
Carmichael (1964); Sturrock (1968); Hirayama (1974); Kopp & Pneuman (1976).

12 Gujarat University 2022 Prabir Kumar Mitra



1.7. Standard flare model

1964

DARK
FILAMENTS

1974

T.HIRAYAMA

a) Pre-flare

L
i
N

rising

R: A, KOPP AND G. W. PNEUMAN

OPEN FIELD LINES
AFTER THANSIENT

Husx CarMicHAEL

premisesce

F. A. STURROCK 1968

HIGH=-ENERGY
FARTICLE
STREAMS

fs BRIGHT

FILAMENTS —
N CHROMOSFHERE

b) Maximum Phase

miss S e e ] | \
flow ™

|

tomprassion

beal
[low

1oo0km

5

N

104K two ribhon flare

1976

(L3]
REing

PFeaulral Poenl

SUBSEQUENT RECONNECTION WITH CAPTLRE OF
MATERIAL ON CLOSED FIELD LINES

Figure 1.9: The basic coronal magnetic field configuration first proposed for erup-
tive flares by Carmichael (1964) (upper left), later improved by Sturrock (1968)
(upper right), Hirayama (1974) (middle), and lastly by Kopp & Pneuman (1976)
(bottom). Figure taken from Svestka & Cliver (1992).
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Carmichael (1964) first suggested that flare ribbons and flare loops are coupled
and can be interpreted as the consequences of relaxation of magnetic field which
was initially stretched by the erupting plasma body. Sturrock (1968) proposed
that the main energy release during a flare is manifested by magnetic reconnec-
tion caused by ‘tearing-mode’ instability (Tenerani et al., 2015) in the stretched
magnetic field. Tearing mode instability leads to the formation of strong cur-
rent sheets where magnetic reconnection takes place. Hirayama (1974) recognized
three distinct phases of flares, namely, pre-flare, main, and late phases. During
the pre-flare phase, a prominence or a coronal arch lying along the PIL rapidly
expands vertically. Due to the expansion of the prominence, a magnetic cavity
appears following the path of the eruption, which collapses from both sides lead-
ing to magnetic reconnection at the so called ‘X’ point. As the prominence rises
further up in the corona, the ‘X’ point also rises and magnetic reconnection in-
volves magnetic lines which are anchored further from the PIL, thus explaining
the gradual separation of the flare ribbons. Kopp & Pneuman (1976) proposed
that the post-flare loop arcades are the consequences of magnetic reconnection in

magnetic field which were previously torn apart by flare outburst.

In conclusion, all these studies provide a common argument that the main en-
ergy release during flares is caused by the process of magnetic reconnetion which
occurs on a vertical current sheet formed within stretched magnetic field. However,
the processes responsible for the formation of the current sheet seems to differ in

these studies.

Plasmoid induced reconnection model

Based on Yohkoh satellite observations that detected plasmoid ejection from com-
pact flares, Shibata et al. (1995, 1996) proposed the plasmoid induced reconnection
model (Figure 1.10) by extending the CSHKP model. According to the model,
the rapid release of energy during flares are caused by fast magnetic reconnection
which is triggered by the ejection of plasmoids. A plasmoid stores magnetic energy
in it well before the flaring activity initiates. When the plasmoid is subjected to
eruptive motion, a current sheet is developed beneath the erupting plasmoid be-

tween the inflow magnetic flux. Since, the plasma density does not change much
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posed by Shibata et al. (1995).

during the eruption process, an ‘X-type’ configuration is developed by the inflow
magnetic field. Rate of reconnection is determined by the inflow velocity which in
turns depend on the eruption speed of the plasmoid. Shibata et al. (1996); Shi-
bata (1997) further proposed that this model is also applicable for small flares and

X-ray jets since the plasmoid formation and eruption are scale invariant processes.

In summary, presence of vertically expanding prominence/flux rope system is
a pre-requisite in the standard flare model. The upward expansion of the flux
rope creates a pressure suction beneath it which, in turns, leads to an inflow
of plasma and magnetic field below the flux rope. The inflowing magnetic field
undergoes magnetic reconnection at the ‘X’ point beneath the erupting flux rope.
During reconnection, most of the magnetic free energy previously stored in the
flaring system is rapidly released resulting into particle acceleration and impulsive
HXR bursts. From the site of reconnection, the highly accelerated particles move
along the magnetic field lines toward denser chromosphere with relativistic speed
as synchrotron motion leading to a sudden enhancement in MW emission. As
the accelerated particles collide with cool, denser material in chromosphere, ‘thick
target bremsstrahlung’ process takes place and conjugate HXR sources are formed

at the footpoints of the magnetic field lines (Brown, 1971; Hudson, 1972). In the
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optical and (E)UV wavelengths, footpoint emissions are observed as two elongated
bright regions termed as flare ribbons, which are formed on the either sides of the
PIL where the footpoints of the coronal loops are anchored in the chromosphere.
A flare may result into the successful eruption of the flux rope which eventually
leads to a CME (Isenberg et al., 1993; Forbes & Acton, 1996; Lin et al., 1998;
Shibata & Yokoyama, 1999; Forbes, 2000; Lin & Forbes, 2000; Priest & Forbes,
2002; Hudson et al., 2006). Such flares are called eruptive flares. However, not all
the flares are associated with eruption of filament and CME (known as, confined
flares) and many eruptive flares do not follow morphological evolution as described
in the CSHKP model (Joshi et al., 2019). Further, in a few cases, triggered flux
ropes initially undergo a brief phase of eruption but subsequently fails to escape
from the overlying layers of solar corona and eventually the material falls back.
Flares associated with such unsuccessful eruptions are called failed-eruptive flares

(Gilbert et al., 2007).

1.7.1 3D standard flare model

It is important to note that the CSHKP model explains the flare associated ob-
servational features as a consequence of coronal magnetic reconnection in two-
dimension (2D). Subsequently, several 2D and 2.5D magnetohydrodynamic (MHD)
simulation studies have successfully recreated and estimated the magnetic and
thermal properties of the flare observables, validating the applicability of the
CSHKP model (e.g., Chen & Shibata, 2000; Reeves & Forbes, 2005; Shiota et al.,
2005). However, many observational signatures of solar flares exhibit true three
dimensional (3D) features that include coronal sigmoids (e.g., Rust & Kumar,
1996; Manoharan et al., 1996; Sterling, 2000; Joshi et al., 2017a), motion of bright
footpoint sources along ‘J’-shaped flare ribbons observed in X-ray and EUV chan-
nels (e.g., Fletcher & Hudson, 2002; del Zanna et al., 2006; Chandra et al., 2009;
Joshi et al., 2017a), gradual transition of magnetic shear from pre- to post-flare
configurations (e.g., Chandra et al., 2009; Wang et al., 2012) etc. To implement
such true 3D observational features of solar flares, the standard flare model has
been extended to 3D on the basis of a series of numerical simulations (Aulanier

et al., 2012, 2013; Janvier et al., 2013, 2014). The results of these studies suggest
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that in the highly sheared pre-flare magnetic configurations, small-scale current
sheets could be generated in the regions of high magnetic gradients, i.e., quasi-
separatrix layers (QSLs; Titov et al., 2002). These narrow but strong current
layers are responsible for the J-shaped pattern observed during the pre-flare or
early flare phases. The straight part of the ‘J’ corresponds to the footpoints of
the cusp-shaped arcade which forms below the vertical current sheet (Aulanier
et al., 2012). Magnetic reconnection at this current sheet is responsible for the
development of a flux rope from sheared arcade. During the eruption of the flux
rope, the inner legs of the field lines overlying the erupting flux tube straighten
vertically and eventually reconnect, resulting in the formation of mostly potential

post-flare arcades; which is in line with the 2D CSHKP model.

1.8 Mechanisms for flux rope formation

Presence of a flux rope in the AR is a pre-requisite in the CSHKP model as the
core part of CMEs the formed by the flux rope. However, the mechanisms for
the build up of the flux ropes are not explained in the standard flare model and
are considered as an open question till date. Two different categories of flux rope
formation models have been proposed. In the first category, a twisted flux tube
emerges in the solar atmosphere through the photosphere due to magnetic buoy-
ancy (e.g., Fan, 2001, 2009; Chatterjee & Fan, 2013; MacTaggart et al., 2021). In
the second category, a flux rope is developed in the corona from sheared arcade in
response to small-scale magnetic reconnection (van Ballegooijen & Martens, 1989;
Amari et al., 2003). Sheared arcades in the corona are developed by shearing mo-
tions on the photosphere, as well as, if emergence of a flux rope stops when its axis
hits the photosphere (Fan, 2001). Notably, the development of a flux rope from

sheared arcade is also explained in the 3D standard flare model (see Section 1.7.1).

Formation of flux rope in response to photospheric magnetic flux can-
cellation
A mechanism for the formation of flux rope in the solar atmosphere as a result of

photospheric flux cancellation was proposed by van Ballegooijen & Martens (1989)
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in their ‘flux cancellation” model (Figure 1.11) which was subsequently supported
and demonstrated by numerical simulations by Amari et al. (1999, 2003, 2010).
According to this model, flux cancellation along PIL in a sheared magnetic field
configuration leads to the formation of helically twisted magnetic structure (i.e.,
flux rope; Figure 1.12) which is capable of supporting prominence plasma. When
the footpoints of the sheared arcade are pushed closer to each other due to pho-
tospheric converging flows, some of the magnetic energy of the sheared magnetic
field is released via reconnection. The reconnection produces smaller loops which
cross the neutral line nearly at right angles and larger loops which connect the dis-
tant footpoints. While the larger loop, lying over the PIL consequently develops
the flux rope, the smaller loop submerges as a result of its small curvature radius.
The helical field (forming the flux rope) cannot be submerged because magnetic

buoyancy prevents it from entering the convection zone below.

(d) (e)

Figure 1.11: Flux cancellation in a sheared magnetic field. The rectangle represents
the solar photosphere, and the dashed line is the neutral line separating two regions
of opposite magnetic polarity. Panel (a): Initial potential field. Panel (b): sheared
magnetic field produced by flows along the neutral line. Panel (¢): magnetic shear
is increased further due to flows toward the neutral line. Panel (d): reconnection
produces long loop AD and a shorter loop CB which subsequently submerges.
Panel (e): overlying loops EF and GH are pushed to the neutral line. Panel (f):
reconnection produces the helical loop EH and a shorter loop GF which again
submerges. Figure is adopted from van Ballegooijen & Martens (1989).

18 Gujarat University 2022 Prabir Kumar Mitra



1.9. Triggering of solar eruption

Figure 1.12: A highly sheared core magnetic field (left panel) which evolves into
the formation of a helically twisted magnetic structure (flux rope; right panel) as
a result of flux cancellation along the polarity inversion line. Figure is adopted
from (Amari et al., 1999).

1.9 Triggering of solar eruption

Large-scale solar eruptions essentially involve eruption of a flux rope. Theoreti-
cally, it is understood that a flux rope can be set into eruptive motion in response
to magnetic reconnection or as a result of ideal MHD instabilities. In this section,
we discuss both reconnection based and ideal MHD instability models of solar

eruptions in detail.

1.9.1 Reconnection based models

It is widely accepted that magnetic reconnection is the most fundamental process
responsible for the changes in the topology of coronal magnetic fields, as well as
the rapid conversion of stored magnetic energy into thermal and kinetic energy of
plasma and particles during solar eruptive events (e.g., see reviews by Priest &
Forbes, 2002; Fletcher et al., 2011; Wiegelmann et al., 2014). Depending upon the
morphology of the AR, two basic classes of reconnection-based models for solar

eruption have been developed, namely, tether-cutting model and breakout model.

Tether-cutting model

To materialize the removal of the strong stabilizing force from the overlying mag-
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netic arcade by means of a slow magnetic reconnection in the low corona, Moore
& Labonte (1980); Moore & Roumeliotis (1992); Moore et al. (2001) proposed
the tether-cutting mechanism based on a single bipolar field geometry. In this
model, the strongly sheared core fields are overlaid by less-sheared envelope mag-
netic arcades (Figure 1.13). At first, the strongly sheared core fields with opposite
polarities reconnect slowly above the PIL, but beneath the filament, which leads
to the formations of a large-scale twisted flux rope connecting the far ends of the
core fields and small flaring loops which shrink downward. Then, due to the ‘out
of balance’ situation between the outward magnetic pressure and the downward
magnetic tension, the whole field expands outward. As the overlying envelope
magnetic arcades are stretched up by the erupting filament, fast reconnection oc-
curs with an elongated current sheet forming below the filament, which produces
the flare ribbons and further speeds up the filament eruption to form the coronal

mass ejection (CME).

Breakout model

The breakout model (Antiochos et al., 1999) involves a complex quadrupolar mag-
netic flux system with four distinct flux domains (shown by different colors in
Figure 1.14 as: central arcade (blue lines), two side arcades (green lines), and
overlying envelope arcade (red lines)) that include one or more pre-existing coro-
nal null points. Shearing motion in the core field region imposes stretching of the
inner field lines which are shown by the thicker blue lines in Figure 1.14. The
enhanced magnetic pressure in the inner field region causes the core to expand
outward which results in the development of a current sheet at the null point
(denoted as breakout current sheet). As the system becomes more stressed, the
thickness of the current sheet is reduced. Once the thickness of the breakout cur-
rent sheet reduces sufficiently, magnetic reconnection is initiated, which rapidly
converts both the blue and red lines into the green lines reducing the downward
magnetic tension. As a result, the core field expands even further ensuring suc-

cessful eruption of the core field (Karpen et al., 2012).
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Before Onset Eruption Onset

Confined Eruption, Ending

Figure 1.13: The tether-cutting reconnection model depicting the onset of flares
and subsequent eruptions. Figure is adopted from Moore et al. (2001).

1.9.2 Ideal MHD instability models

Although it is universally accepted that solar eruptions are intrinsically related to
magnetic reconnection, observations have revealed a number of cases of flux rope
eruption from the solar atmosphere where obvious signatures of triggering recon-
nection (i.e., early brightening in the flaring region) were missing. Theoretical
studies have revealed that a flux rope can be set to instability if some parameters
reach critical values. In this section, we briefly discuss two of the ideal instability

models, namely, the torus instability and kink instability.

Torus instability

According to the torus instability model, a flux rope can be subjected to eruptive

motion if the downward strapping magnetic field of a flux rope, is exceeded by
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et nuil paint —flare C5

breakout €57 /

Figure 1.14: Selected magnetic field lines at three times illustrating the key struc-
tures of the breakout model including current sheets (CS). Red lines indicate over-
lying field, green indicates side lobe field lines, and blue indicates core field lines.
All field lines are drawn from the same set of footpoints. Gray lines show the
general locations of the flare and breakout CS. Figure is adopted from Karpen
et al. (2012).

the corresponding outward hoop force (Figure 1.15). Therefore, any outward per-
turbation of the flux rope can lead to a catastrophic eruption if the poloidal (or,
horizontal) magnetic field overlying the flux rope decays with height faster than a
critical value. To quantify decay of magnetic field, a parameter named ‘magnetic

decay index’ (n) is defined as

dlog(B)
~ dlog(H) (11)

n =
where Bj;, and H are the horizontal field above the flux rope and height, respec-
tively (Kliem & Tordk, 2006). Observational results have suggested that torus
instability occurs at the height where n > ng.;; with ne; = 1.3 — 1.5 (e.g., Zuc-
carello et al., 2014).

Kink instability

The theory of kink instability states that a flux rope can lose its stability if the
twist of the flux rope increases beyond 3.57. In this respect, a convenient numerical
method is to calculate the ‘twist number’ (T,,) which is defined by number of turns

of a flux rope over a given length (L), as

(VxB)-B
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PHOTOSPHERE

Figure 1.15: Magnetic fields and currents in a line-tied magnetic flux rope. The
arched flux rope is line-tied to the dense photosphere at two footpoints separated
by 2z¢. Those fields and currents associated with the poloidal magnetic field are
shown in red, while those associated with the toroidal magnetic field are shown in
blue. Torus instability occurs when the upward hoop force |J1 x Bp;| exceeds the
downward strapping force |Jr x Bg|. Figure is adopted from Myers et al. (2016).

Statistically estimated critical value of T}, for kink instability has been found
to be 2 i.e., a flux rope can be subjected to kink instability when |T,,| > 2 (Duan
et al., 2019).

1.10 Objectives of the thesis

Despite the theoretical and observational advancements, some key questions re-
lated to the onset and evolution of solar eruptions have remained ill-understood
and form topics of intense discussions in the contemporary solar physics. By
employing high resolution multi-wavelength observations combined with the nu-
merical analysis techniques, we aim to provide interpretations and explanations on
crucial yet less understood aspects of solar transient phenomena which lie beyond
the scope of the standard flare model. In the following, the context and objectives

of the thesis work is outlined.
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1.10.1 Study of observational signatures of magnetic re-

connection during solar flares in 2D and 3D

Magnetic reconnection is a fundamental process that is ubiquitous in astrophysical
plasmas. It is a topological restructuring of a magnetic field causing a change in
connectivity of its field lines (see review by Pontin, 2012). Historically, the concepts
of magnetic reconnection was put forward using a two-dimensional, steady-state
model, where reconnection occurs at thin current sheets developed by the stretch-
ing of magnetic X-points (Syrovatskii, 1971). The 2D magnetic reconnection is
envisaged as the main energy release mechanism in the standard flare model. Ob-
servational signatures of 2D magnetic reconnection during such solar flares include
development of parallel ribbon brightening. On the other hand, in 3D, the sites of
current sheet formation and, therefore, magnetic reconnection involve a variety of
topological and geometrical features that include magnetic null points (Longcope,
2005), quasi-separatrix layers (QSLs; Janvier et al., 2013), hyperbolic flux tubes
(Titov et al., 2002), etc. In the thesis, we have carried out extensive observational
and numerical analysis to investigate the pre-reconnection magnetic configurations

of solar flares in 2D and 3D and identified corresponding observational signatures.

1.10.2 Investigation of the triggering mechanisms and driver

of large-scale solar eruptions

Reconnection models of solar eruptions, i.e., tether-cutting (Moore et al., 2001)
and breakout (Antiochos et al., 1999) models involve different pre-flare conditions
to explain the eruption of a flux rope. Tether-cutting model sketches a scenario
where the earliest reconnection occurs deep in the highly sheared bipolar core fields
whereas the breakout model involves a multipolar flux system in the corona having
one or more pre-existing magnetic nulls. In the breakout model, eruption is initi-
ated by reconnection well above the core region. Pre-flare brightening and earliest
signatures of reconnection are observed beneath the flux rope in tether-cutting
model. In contrast, the breakout model predicts simultaneous core and remote
brightening prior to the eruption. In this thesis, we have put special emphasis to

investigate the magnetic configurations associated with different triggering mech-
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anisms by comparing the structure and evolution of complex coronal loop systems

of ARs during the pre-flare stage with modeled coronal magnetic field structures.

1.10.3 Study of formation and activation of flux rope

In the standard flare model, existence of a flux rope is prerequisite. From theo-
retical point of view, a flux rope is a twisted helical magnetic structure which can
be observed in the form of filament (or prominence) in solar images. Existence of
flux ropes are indicated by ‘Sigmoidal ARs’ which are ‘S’ (or inverted ‘S’) shaped
coronal structures observed in SXR and EUV channels (Rust & Kumar, 1996;
Manoharan et al., 1996; Sterling, 2000; Joshi et al., 2017a). The exact process of
the formation and topology of flux ropes is, however, not yet clearly understood
and have remained as a topic of debate till the present time. Omne hypothesis
is that the flux rope is created as a consequence of constant rotation and shear-
ing motion of sunspots along the PIL (e.g., Amari et al., 2000; Aulanier et al.,
2012). From theoretical considerations, magnetic flux cancellation along the PIL
is strongly required to build up enough helicity in a sheared magnetic loop arcade
which can develop into a flux rope (see e.g., Mackay & van Ballegooijen, 2006).
In this thesis, detailed observational and theoretical investigations of photospheric
and coronal magnetic fields have been carried out to study how the evolution of

magnetic fields in ARs are related to the development of flux ropes in the corona.

1.10.4 Understanding the magnetic configurations of erup-

tive and non-eruptive flares

During solar transient phenomena, eruption of flux rope is not guaranteed (see
e.g., Kushwaha et al., 2015; Sarkar & Srivastava, 2018). A statistical study con-
ducted by Yashiro et al. (2005) revealed that flare-CME association rate increases
significantly with the flare class: from 20% for C-class flares to 91% for X-class
flares while the flare-CME association rate for M-class flares was found to be 49%.
Strength of the overlying magnetic fields, decay of magnetic field strength with
height, location of the flare with respect to the extent of the AR are believed to

be few of many factors which collectively decide whether a flare will be eruptive or
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confined (see e.g., Amari et al., 2018). In this thesis, we have put efforts to develop

a clear understanding of the factors which constrain flux ropes from eruption.

1.11 Structure of the thesis

The thesis is composed of seven chapters. In the following, brief description of

each chapter is provided.

Chapter 1: Introduction

This chapter provides a detailed introduction of different aspects of solar eruptive
phenomena which are relevant to the work presented in this thesis, including de-
scriptions on multi-wavelength flare emissions, flare models, and triggering mecha-
nisms of solar eruptions. This chapter concludes with the formulation of scientific

objectives of the thesis.

Chapter 2: Observational Data and Numerical Techniques

In this chapter, we provide detailed descriptions of the sources of the multi-
wavelength observational data used in the thesis work. We also discuss in detail
the different numerical techniques applied to analyze the observational data and
modeling of coronal magnetic field. The major observational data used in this the-
sis was provided by the Solar Dynamics Observatory (SDO), the Reuven Ramaty
High Energy Solar Spectroscopic Imager (RHESSI), the Large Angle and Spectro-
metric Coronagraph (LASCO); whereas, the numerical analysis techniques used in
this thesis include the potential and Non-linear Force Free Field (NLFFF) extrap-
olation techniques, computation of quasi-separatrix layers (QSL), twist number,

calculation of magnetic decay index, etc.

Chapter 3: Pre-flare Activity and its Role in Driving Subsequent
Large-scale Eruptions

This chapter is dedicated toward understanding the effects of small-scale activities
toward the development and activation of magnetic flux ropes and their subse-

quent large-scale eruption. For the purpose, this chapter presents two case studies
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of spectacular flux ropes eruptions leading to the formation of CMEs: (1) M-
class flare occurring in the AR NOAA 12371 from a location near to disk center
(=N12E16) and (2) X-class flare in NOAA 11875, which was situated close to the
western limb of the Sun (=NO7W66). In both the events under study, the pre-
flare activity occurred adjacent to the main flaring site i.e., both the events were
associated with adjacent/overlapping pre-flare events. We explored the processes
governing the build up and activation of flux ropes, the triggering mechanisms,

and multi-wavelength signatures of 2D magnetic reconnetion.

Chapter 4: Quast Circular Ribbon Flares and Aspects of 3D Magnetic

Reconnection

In this chapter, we focus on the ARs with special magnetic configurations gov-
erning circular ribbon flares. For the purpose, we discuss multi-wavelength evo-
lutionary aspects of circular ribbon flares and associated complex magnetic field
configuration. Further, we present the results of multi-wavelength observational
and numerical analysis on the homologous circular ribbon flares occurring from
the selective AR, NOAA 11977 on 16 February 2014. The flaring site of the AR
was characterized by a unique photospheric configuration where dispersed nega-
tive polarity regions were surrounded by positive polarity regions, analogous to
the geological ‘atoll’ shape. Using high resolution EUV data from Atmospheric
Imaging Assembly (AIA) on board SDO and NLFFF extrapolation results, we
study the evolution of four homologous quasi-circular ribbon flares that originated
from the magnetic atoll region and thoroughly analyze the corresponding pre-flare

magnetic configurations.

Chapter 5: Reconnection in a Quadrupolar Coronal Configuration and

Magnetic Confinement of Flux Ropes

Quadrupolar magnetic configurations often include 3D coronal null points which
are potential sites for the triggering of solar eruptions. However, sometimes, flux
ropes, initially triggered from such configurations, fail to successfully erupt from
the solar corona. Physical understanding of such failed eruptive events is impor-

tant in order to reduce ‘false alarms’ in the context of flare-predicting algorithms.
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In this chapter, we present a detailed study of an intense yet failed-eruptive flare
from NOAA 11302 on 26 September 2011, and investigate the possible reasons for

the associated failed eruption.

Chapter 6: Magnetic Characteristics and Large-Scale Solar Eruptions
in §-sunspot region NOAA 12673

The most flare productive AR in the solar cycle 24 was NOAA 12673 which, sur-
prisingly, appeared during the minimum phase of the solar cycle. During its transit
through the visible hemisphere of the Sun, it produced 4 X-class flares, 27 M-class
flares, and numerous C-class flares. Importantly, the X9.3 flare produced in the AR
on 6 September 2017 was the largest solar flare of cycle 24. This chapter focuses
on the evolution of this historical, excessive flare productive AR. We especially
discuss multi-wavelength observation and numerical analysis results of the X-class
flares on 6 September 2017 and highly impulsive homologous eruptive flares from

a very compact site of the AR on 7 September 2017.

Chapter 7: Conclusions and Future Prospectus
This chapter provides a summary of the contents of this thesis and highlights the
main conclusions. This chapter further outlines the scopes for research in this

field.
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Observational Data and

Numerical Techniques

2.1 Introduction

Solar transient phenomena involve sequence of activities that occur in a wide range
of solar coronal heights. Since, coronal emission lines are dependent on the local
ambient temperatures which vary widely with height in the corona, it is very im-
portant to study solar transient phenomena in multi-wavelengths. Therefore, the
studies included in the Ph.D. thesis utilize observational data from various instru-
ments which observe the Sun in different wavelengths from different vantage points.
Combination of such multi-wavelength and multi-instrument observations is essen-
tial for a comprehensive exploration of the solar phenomena and related modeling
efforts. A major objective of the thesis is to understand the exact topological
structures involved in the triggering of the solar eruptive phenomena. Investi-
gation of such atmospheric structures require modeling of coronal magnetic field,
since direct observation of coronal magnetic field is not yet possible. Therefore, the
results presented in this thesis were obtained by employing a combination of com-
prehensive observational data reduction, data modeling, and numerical techniques
for coronal magnetic field reconstruction.

In particular, in this thesis, we have extensively used (E)UV observations of the
Atmospheric Imaging Assembly (AIA; Lemen et al., 2012) and photospheric line of

sight (LOS) and vector magnetograms from the Helioseismic and Magnetic Imager
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(HMI; Schou et al., 2012) on board the Solar Dynamics Observatory (SDO; Pes-
nell et al., 2012). For understanding the thermal and non-thermal energy release
processes associated with different evolutionary phases of solar transient activities,
we have extensively performed the X-ray imaging and spectroscopic analyses using
data from the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI;
Lin et al., 2002). For observing the CMEs in the corona and near-Sun region,
we used coronagraphic observations of the Large Angle and Spectrometric Coro-
nagraph (LASCO; Brueckner et al., 1995) on board the Solar and Heliospheric
Observatory (Domingo et al., 1995). Temporal informations of solar flares were
obtained by the disk-integrated soft X-ray lightcurves in the 1-8 A and 0.5-4 A
bands of the Geostationary Operational Environmental Satellite (GOES) system.
For observing the optical and radio signatures associated with the activities, we
used data from the Global Oscillation Network Group (GONG; Harvey et al.,
1996) and Hirasio Radio Spectrograph (HiRAS; Kondo et al., 1995). Along with
the observational analysis, in this thesis, we employed potential and Non-linear
Force Free Field (NLFFF) models for the extrapolation of coronal magnetic field.
Using the NLFFF-modeled field, we further computed degree of squashing factor
(Q; Demoulin et al., 1996) and twist numbers (7,,; Berger & Prior, 2006). In this
chapter, we provide a brief description of all the above-mentioned solar observing

instruments and numerical techniques.

2.2 Observational data

2.2.1 Solar Dynamic Observatory (SDO)

The Solar Dynamics Observatory (SDO; Pesnell et al., 2012) was launched by
National Aeronautics and Space Administration (NASA) on 11 February 2010 as
a part of the ‘Living with a Star’ (LWS) programme. Major scientific objectives
of the SDO include monitoring the evolution of the topology of magnetic field
on photosphere and its associated structures in the solar corona. The continuous
observational data of different layers of the full Sun, including photosphere, chro-
mosphere and corona, have been used to understand the configurations required

for storing magnetic energy in the system and its evolution during the transient

30 Gujarat University 2022 Prabir Kumar Mitra



2.2. Observational data

phenomena. SDO has three instrument on board, namely, Atmospheric Imaging
Assembly (AIA; Lemen et al., 2012), Helioseismic and Magnetic Imager (HMI;
Schou et al., 2012) and Extreme Ultraviolet Variability Experiment (EVE; Woods
et al., 2012). In the following, we provide a brief descriptions of AIA and HMI

instruments, data of which we have extensively used in this thesis.

Atmospheric Imaging Assembly (AIA)

The objective of the Atmospheric Imaging Assembly (AIA) is to provide high
resolution simultaneous multi-wavelength view of different layers of the solar at-
mosphere from photosphere to corona. AIA takes full disk solar images up to a
height of 0.5 Ry above the solar limb with an unprecedented spatial resolution of
1"5 (pixel scale of ('6) and a temporal cadence of ~12 s.

ATA consists of four generalized Cassegrain telescopes (see Table 2.1). All the
four telescopes have multilayer coating enabling them to observe in two character-
istic wavelengths each (see Figure 2.1). Telescopes 1, 2, and 4 are characterized
for observing in two different EUV channels (131 and 335 A; 193 and 211 A; and
94 and 304 A; respectively). The mirror of telescope 3 has a 171 A band pass
on one half and the other half has a broad-band UV coating which is used to
provide observation in two UV channels: 1600 A and 1700 A. In total, AIA has
10 observing channels including one continuum channel (centered around 4500 A;
see Table 2.2), that covers a wide characteristic temperature range from =~6x10*

K to ~2x107 K.

Table 2.1: Key characteristics of the ATA instrument (Lemen et al., 2012)

Diameter of primary mirror 20 cm
Effective focal length 4.125 m
Field of view 41" x 41’ (along detector axis)
46" x 46’ (along detector diagonal)
Pixel size/Spatial resolution 076/1"5

Temporal cadence 10-12 s
Detector 4096 x4096 pixels CCD
Typical exposure times 0.5-3s

Helioseismic and Magnetic Imager (HMI)

The Helioseismic and Magnetic Imager (HMI) is designed to take measurements of
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A 4

1733 mm

Figure 2.1: The layout of the wavelength channels or band passes in each of the
four AIA telescopes. Figure is adopted from Lemen et al. (2012).

Doppler shift, intensity maps, and vector magnetic field at the solar photosphere
by analyzing the Fe 16173 A absorption line. HMI consists of a front-window filter,
a front illuminated telescope with 14 c¢m clear aperture giving images with a nom-
inal diffraction limit (A\/D) of 0’91, a set of wave-plates for polarimetry, an image-
stabilization system, a blocking filter, a five-stage Lyot filter with one tunable
element, two wide-field tunable Michelson interferometers, a pair of 4096 x4096
pixel cameras with independent shutters, and associated electronics. HMI pro-
duces full disk LOS observables e.g., LOS magnetogram, dopplerogram, intensity
images with a spatial resolution of ~1” (pixel scale of 05) and temporal cadence
of ~45 s, and vector magnetograms with temporal cadence of 90 s, 135 s, and 720
s depending on specific data sets!!l. A summary of the instrument specification is
provided in Table 2.3.

In this thesis, we have extensively used the LOS magnetogram, intensity images
and vector magnetograms from the series hmi.sharp_cea_720s/?. In this series of
vector magnetogram, data is provided for selective photospheric regions based on
‘Space weather HMI Active Region Patches’ (SHARP; Bobra et al., 2014) with a

spatial resolution of 0’5 and a temporal cadence of 12 m. In order to construct the

Mnttp://hmi.stanford.edu/
Rhttp://jsoc.stanford.edu/HMI/Vector_products.html
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Table 2.2: Summary of different channels of ATA (Lemen et al., 2012)

Channel Primary Region of atmosphere Char.
ion(s) log(T)
4500 A continuum photosphere 3.7
1700 A continuum photosphere 3.7
304 A Hell chromosphere, transition region 4.7
1600 A C1IV + cont. transition region, upper photosphere 5.0
171 A FelIX quiet corona, upper transition region 5.8
193 A Fe XII, XXIV corona and hot flare plasma 6.2, 7.3
211 A Fe XIV active-region corona 6.3
335 A Fe XVI active-region corona 6.4
94 A Fe XVIII flaring corona 6.8
131 A Fe VIII, XXI  transition region, flaring corona 5.6,7.0

vector magnetograms, the Stokes parameters (i.e., I, Q, U, and V) are measured
across filterograms of six wavelengths centered at the Fe I 6173 A spectral line and
are inverted using the Very Fast Inversion of the Stokes Algorithm code (Borrero
et al., 2011). The 180° ambiguity in the azimuthal field component is resolved
using the minimum energy method proposed by Metcalf (1994); Leka et al. (2009).
Finally, a coordinate transformation is carried out for remapping the vector fields
onto the Lambert Cylindrical Equal Area (CEA) projection and the vector fields

are transformed into heliocentric spherical coordinates (Gary & Hagyard, 1990).

2.2.2 Reuven Ramaty High Energy Solar Spectroscopic
Imager (RHESSI)

The Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI; Lin et al.,
2002) was launched by NASA on 5 February 2002 as a part of the Small Explorer
(SMEX) Mission. With a prime objective of exploring the basic physics of particle
acceleration and explosive energy release processes during solar flares, RHESSI
provided full Sun observations with high spatial and spectral resolutions for imag-
ing and spectroscopic analysis. After more than 16 years of successful operation,
RHESSI was finally decommissioned on 16 August 20185/, A summary of the
instrumental characteristics of RHESSI is provided in Table 2.4.

RHESSI imager

Blhttps://hesperia.gsfc.nasa.gov/rhessi3/
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Table 2.3: Instrument specification of HMI (Schou et al., 2012)

Telescope aperture 14 cm

Optical resolution (A/D) 0’91

Target wavelength 6173 + 0.1 A (Fe I line)

Filter FWHM 76 mA

Detector Two 4096 x4096 CCD detectors
Pixel scale/Spatial resolution 0/505/~1"

Camera image cadence 3.75 s

LOS products cadence 45 s

Table 2.4: Instrument characteristics of RHESSI (Lin et al., 2002)

Energy range 3 keV — 17 MeV
Energy resolution (FWHM) &1 keV up to 100 keV

3 keV up to 1 MeV

5 keV up to 17 MeV
Angular resolution 2'3 up to 100 keV

7" up to 400 keV

36” up to 1 MeV
Temporal resolution 2 s (for final image)
Field of view Full Sun (~1°)

RHESSI is equipped for producing images of solar HXR and v-ray emission over
a large energy range of 3 keV — 17 MeV with an extremely high energy resolu-
tion of ~1 keV, time resolution of ~2 s or better and spatial resolution as high
as ~2'3. Achieving such high angular and energy resolution in this large energy
range requires indirect imaging techniques (Hurford & Curtis, 2002). RHESSI
imaging is therefore achieved on the basis of a Fourier Transform technique using
a set of nine Rotational Modulation Collimators (RMCs) which are mounted on
the rotating spacecraft (Hurford et al., 2002). Each of the nine RMCs is equipped
with a set of two widely-spaced, fine-scale linear grids which are able to temporally
modulate the photon signals (Figure 2.2). The grids are essentially planar arrays
of equally-spaced, X-ray opaque slats separated by transparent slits (Figure 2.3)
where the slits are parallel to each other having identical pitches. In this way, the
transmission through the grid pair depends only on the direction of the incident
X-rays. Germanium detectors placed behind the RMCs are used for measuring

the modulations.
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Figure 2.2: Perspective of the RHESSI imager. The key imager components are
two identical sets of nine grids mounted on front and rear grid trays. A correspond-
ing set of nine cooled germanium detectors is mounted behind the rear grids. The
solar aspect system (SAS) consists of three lenses mounted on the front grid tray
which focus optical images onto SAS CCDs on the rear grid tray. Figure is adopted
from Hurford et al. (2002).

Image reconstruction

Several algorithms are developed for reconstructing images of the X-ray sources
of the solar disk by modeling the spatial distribution of photons by employing the
observed modulated time profiles and using information about the spacecraft’s roll
position as well as pointing. These image reconstruction algorithms are available
in the RHESSI software packagel®. Details on all the image reconstructions tech-
niques are provided in Hurford et al. (2002). In the following, we briefly discuss a
few image reconstruction algorithms.

BACK PROJECTION (Mertz et al., 1986), the most straightforward and basic
method of image reconstruction, is a linear process where each detected photon is
projected back from the detector through the slits of the grid pairs to all possible
locations on the Sun using Fourier transform method. In this way, a probability
map is created which is made up of parallel ridges aligned with the slit orienta-
tion at a given time; the spacing between the ridges being twice the the FWHM
resolution of the sub-collimator. This process is repeated for each detected pho-
ton and all the resulting probability maps are summed up to form the so called

‘dirty map’. One major characteristic drawback of the images reconstructed by

Mnttps://hesperia.gsfc.nasa.gov/rhessi3/software/imaging-software/
imaging-software/index.html
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RHESSI SUBCOLLIMATOR SCHEMATIC
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Figure 2.3: Schematic geometry of the RHESSI subcollimators, showing represen-
tative incident photons with respect to the collimator axis. Figure is adopted from

Hurford et al. (2002).

the BACK PROJECTION method is the ringed patterned artifacts surrounding

the real X-ray sources which is caused by incomplete sampling of the Fourier plane

(see Figure 2.4). This algorithm is widely used as the basis of other complex image

reconstruction techniques e.g., CLEAN, PIXON etc.

CLEAN,

developed by (Hogbom, 1974), is an iterative algorithm which pos-

tulates that the observed ‘dirty’ map produced by the BACK PROJECTION

algorithm is a convolution of a set of point sources with the instrument Point

Spread Function (PSF). PSF is the dirty map created by a point source at a given

pixel location, i.e., the imager’s response to a delta function source. The Clean
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BACK PROJECTION CLEAN PIXON

Figure 2.4: Comparison of RHESSI images reconstructed by BACK PROJEC-
TION, CLEAN and PIXON algorithms.

algorithm first locates the pixel with the highest flux in the dirty map and assigns
a point source with a fixed fraction (known as the ‘loop gain’) of that flux at that
pixel location in a new ‘CLEAN map’. It then subtracts that same fractional flux
from the dirty map but spread out according to the PSF centered on that pixel
to generate the so-called ‘residual map’. This iteration is continued for a specified
predefined number or until the peak absolute flux in the residual map is negative.
CLEAN is a relatively fast process and generates images with commendable ac-
curacy. Therefore, it is among the most preferred RHESSI image reconstruction

algorithms.

Similar to the CLEAN algorithm, PIXON (Metcalf et al., 1996) also produces
images without sidelobe patterns or circular artifacts which was the characteristic
of the images produced by the BACK PROJECTION technique. Unlike CLEAN
which relies on PSFs, PIXON uses superposition of circular sources or pixons of
different sizes and parabolic profiles that best reproduces the measured modula-
tions from the different detectors. The goal of this algorithm is to construct the
simplest model for the image with the fewest degrees of freedom (i.e., pixons) that
is consistent with the data (i.e., having an acceptable x? fit). Being the simplest
model, the derived image is expected to be artifact free with no spurious sources.
PIXON algorithm is thought to produce images with superior photometric and
positional accuracy (see Figure 2.4); however, this algorithm is extremely slow

(approximately 2 orders of magnitude slower than the CLEAN algorithm).
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RHESSI Spectrometer

RHESSI spectrometer (Smith et al., 2002) is composed of nine cryogenically cooled
coaxial germanium detectors (GeD). The purpose of using ultra-pure germanium
in cryogenic temperatures is to prevent natural formation of electron-hole pairs in
the conduction band. In this way, electron-hole pairs in the germanium detectors of
RHESSI are only produced when HXR or y-ray photons interact with the crystal,
releasing one or more energetic electrons. In the presence of high electric field
(~1000 V em™') across the crystal, the electrons and holes are pulled toward each
electrode, creating a current pulse which is then amplified and digitized by suitable
electronics.

RHESSI spectroscopy is performed through the Object Spectral Executive (OS-
PEX; Tolbert & Schwartz, 2020) software package which creates an object-oriented
interface for spectral analysis of solar X-ray data. OSPEX allows the user to read
and display the input data, select and subtract background, define the time in-
tervals of interest, determine a combination of photon flux model components to
fit different components to the spectrum. During the fitting process, the response
matrix is used to convert the photon counts to the model counts to compare with
the input count data. The resulting time-ordered fit parameters can be saved in

the form of a script and the fit results stored in the form of a FITS file.

2.2.3 Large Angle and Spectrometric Coronagraph (LASCO)

The Large Angle Spectrometric Coronagraph (LASCO; Brueckner et al., 1995) is
one of the twelve instruments on board the Solar and Heliospheric Observatory
(SOHO; Domingo et al., 1995) mission, a joint project of European Space Agency
(ESA) and NASA. LASCO consists of three coronagraph instruments, namely,
C1, C2 and C3, which together can image the solar corona from 1.1 to 30 R, (C1:
1.1-3 Rg, C2: 1.5-6 Ry, and C3: 3.7-30 Ry; see Table 2.5). The C1 coronagraph
is a classical internally occulted Lyot coronagraph which observes the solar corona
in emission lines of Fe XIV and Fe X, while the C2 and C3 are externally occulted
instruments which image the solar corona in white light. The C1 instrument
became nonoperational following the SOHO interruption in 1998 after a successful

observations for a period of two and a half year from January 1996 to June 1998.
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C2 and C3 coronagraphs are still functional and providing regular observations
of white light corona. In this thesis, we have used data from the C2 and C3
coronagraphs for the observation of CMEs in the near-Sun interplanetary space.
Notably, a catalog has been developed that contains all CMEs manually iden-
tified since 1996 from LASCO observations. The catalog provides most of the
information assembled from manual measurements and online data bases, that in-
clude date and time of the first appearance of a CME in LASCO field of view, the
central position angle of the CME propagation, angular width, linear speed, accel-
eration etc. This ‘SOHO LASCO CME catalog’ is open to all users and available

at https://cdaw.gsfc.nasa.gov/CME_list/.

2.2.4 Geostationary Operational Environmental Satellite

(GOES)

The Geostationary Operational Environmental Satellite Program (GOESP)) is a
joint effort of NASA and the National Oceanic and Atmospheric Administration
(NOAA). The GOES system consists of a series of spacecrafts, first launched in
1975 (GOES-1). Presently GOES-15, GOES-16 and GOES-17 are operational
whereas all the previous missions of GOES series have been decommissioned.
Two X-ray Sensors (XRS) on board the GOES satellites provide simultaneous,
uninterrupted measurement of disk integrated solar SXR flux in 1-8 A and 0.5-4
A bands, with a time resolution of ~2 s. GOES-12 and subsequent satellites of
the GOES series also carry X-ray imaging telescopes called ‘Solar X-ray Imager’
(SXII6)) designed to record coronal images in continuous sequence at 1 minute
intervals at multiple wavelengths ranging from 6 to 60 A. Notably, GOES SXI on
board GOES-12 satellite was the first instrument to take a full-disk image of the

Sun in X-rays.

2.2.5 Global Oscillation Network Group (GONG)

The Global Oscillation Network Group (GONG; Harvey et al., 1996) is a world-

wide network of identical telescopes strategically situated at six different locations

BInttps://www.nasa.gov/content/goes-overview/index. html
6lhttps://solarscience.msfc.nasa.gov/SXI.shtml
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Table 2.5: System parameters for C1, C2 and C3 (Brueckner et al., 1995)

Field-of-view Occulter Spectral Objective Pixel Brightness

(Ro) Type Bandpass  Element Size Range Bg

C1 1.1-3.0 Internal ~ Fabry-Perot ~ Mirror 56 2x107°
to 2x1078

C2 1.5-6.0 External Broadband Lens 1174 2x1077
to 5x 10710

C3 3.7-30 External Broadband Lens 56"0 3x107°
to 1x1071!

all over the world with the aim to have continuous observations of the Sun. The six
locations!” are the Big Bear Solar Observatory (California, USA), the High Alti-
tude Observatory at Mauna Loa (Hawaii, USA), the Learmonth Solar Observatory
(Western Australia), the Udaipur Solar Observatory (India), the Observatorio del
Tiede (Canary Islands, Spain), and the Cerro Tololo Inter-American Observatory
(Chile). Together, these six stations enable the GONG network to have continu-
ous observation of the Sun, typically ~91% of the time. The scientific objectives
of the GONG telescopes include taking observations for helioseismology, which
is a tool to understand the solar interior by analyzing the sound waves that are
trapped in it. The original, ‘GONG classic’ system was upgraded to ‘GONG+’ in
2001 and further to ‘GONG++’ in 2010. In addition to full-disk intensity maps,
magnetograms, and dopplerograms at a pixel scale of ~2” and a temporal cadence
of 1 min, the GONG++ (Harvey et al., 2011) program started full-disk imaging of
the Sun in the Ha (6563 A) spectral line with a pixel scale of ~1” and temporal
cadence of 1 min. In the thesis, we have used full-disk Ha images of the Sun

provided by the GONG network.

2.2.6 Hiraiso Radio Spectrograph (HiRAS)

The Hiraiso Radio Spectrograph (HiRAS®; Kondo et al., 1995) began regular so-
lar observations late in May 1993 in a fully automated mode, i.e., the antennas
automatically tracked the sun from sunrise to sunset, and the data acquired by

the spectrograph were processed by a workstation to produce a composite dynamic

[Mhttps://gong.nso.edu/sites/
[BInttps://sunbase.nict.go.jp/solar/denpa/hiras/doc.html
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spectrogram. Special software packages were developed to remove the contamina-
tion of artificial signals such as radio and TV broadcasts, especially at frequencies
lower than 1 GHz from the raw data.

The HiRAS consisted of three antennas, namely, HiRAS-1, HiRAS-2, and
HiRAS-3, which observed within the frequency ranges of 25-70 MHz, 70-500 MHz
and 500-2500 MHz, respectively. Both right- and left-handed circular polarization
signals received by the antennas were amplified with low-noise pre-amplifiers and

fed to spectrum analyzers. HIRAS was decommissioned on 30 September 2016.

2.2.7 Solar data analysis using IDL and SolarSoft (SSW)

The solar observations from multiple instruments operating in space and ground,
have been analyzed using the Interactive Data Language (IDL). IDL is a high-
level language for data analysis and visualization. IDL has strong signal and im-
age processing capabilities and extensive mathematical and statistical functions.
There is extensive web support with hundreds of freely available applications from
a large userbase. SolarSoftWare (SSW) is a set of integrated software libraries,
databases, and system utilities which provide a common programming and data
analysis environment for solar physics. It is primarily an IDL-based system, al-

though some instrument teams integrate executables written in other languages.

2.3 Coronal magnetic field modeling and numer-
ical techniques

Magnetic field arguably plays the most important role in the solar transient phe-
nomena. Presently, direct observation of magnetic field is only possible on the
photospheric layer. Therefore, in order to understand the magnetic configuration
in the corona, we need to rely on different magnetic field extrapolation techniques
which can reconstruct magnetic field at a given height by extrapolating photo-
spheric magnetic field via some theoretically well defined models. In the following,

we discuss the potential and NLFFF extrapolation methods which have been ex-

Blhttps://www.harrisgeospatial.com/Software-Technology/IDL
Onttp://www.1msal.com/solarsoft/
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tensively utilized in our works. We also describe relevant numerical techniques

which have been used to explore different topological features of coronal magnetic

fields.

2.3.1 Potential Field Extrapolation

=

The characteristics of potential magnetic field is the current density (.J) being zero,
ie.,

J=-VxB=0. (2.1)

=~

This enables B to be expressed as the gradient of a scalar potential 1, i.e.,

=

B=-Vi (2.2)
In addition to Equation 2.1, B must also satisfy Gauss law i.e.,

V-B=0 (2.3)
Combining Equations 2.2 and 2.3, one gets

Vi =0 (24)

In the potential magnetic field extrapolation technique, Equations 2.3 and 2.4
are solved within a given 3D volume. As the boundary condition, photospheric
vector magnetograms are used. There are several methods available for solving
the above mentioned equations. The works included in the thesis utilized the
Fourier Transform (Wiegelmann, 2004) as well as the Potential Field Source Sur-

face (PFSSM)) techniques for the potential field extrapolation.

2.3.2 Non-linear Force Free Field Extrapolation

In order to investigate the non-potential topological features in the solar corona
e.g., flux rope, sheared coronal arcade etc., we employed the Non-Linear Force

Free Field (NLFFF) extrapolation method. In the general force free field model,

Mhttps://ccme.gsfc.nasa.gov/models/modelinfo. php?model=PFSS
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magnetic field (B) follows the following relation:

JxB=0 (2.5)

For non-zero f, Equation 2.5 leads to the condition

J|B=J=-VxB=aB (2.6)

=~

Here, o is the mathematical representation of physical twist. In the NLFFF
model, « is considered to be a variable of the position, i.e., @ = «(7) implying «
is different in different locations of the AR. In this thesis, for finding the NLFFF
solutions, we used a numerical code developed on the basis of an optimization tech-
nique (Wheatland et al., 2000; Wiegelmann, 2004). In this approach, a functional
L is minimized (Wiegelmann, T. & Inhester, B., 2010), where
L= /V (wf| Vv x gg BP9 B |2> dv+v/S(ﬁ—ﬁobs)-w-(ﬁ—ﬁobs)dg

(2.7)

where, wy, wq, and v are weighting functions while W is a diagonal error matrix
with the elements wy,s, Wirans, and Wipans; ‘los’ and ‘trans’ being the line-of-sight
and transverse components, respectively. The numerical code developed for find-
ing the NLFFF solutions, used in this thesis, calculates wy, wy (in the code, wy
and wy are chosen to be identical i.e., wr=wy) and allows v, wi,s, and Wiqns as
free parameters (i.e., these parameters can be explicitly defined upon calling of the
preprocessing /optimization; see Mitra et al., 2020b). Since the photosphere is not
force-free, the photospheric mangetograms used as the input boundary conditions,
need to be pre-processed (Wiegelmann et al., 2006). In Equation 2.7, Byys de-
notes the preprocessed magnetic field. For the purpose of preprocessing, a second

functional ¥ is defined as

L = ,ulfl + /Lgo%g + /Lgfg + ,U4DZ1 (28)
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where

- (ZBIBZ)2 + (> B,B )2 + (Y B -8 - 32)2
Ly = (Zx(Bg—B2 B?) ) (Zy (B2 — B2— B?) ) (ZyB B. - B,B )2
Ly = (By— Boons)’ + Y _(By = Byops)* + > _(B. — B ois)’
Z =Y ((AB.)’ + (AB,)* + (AB.)?)

Here, the summations are done over all the grid nodes of the bottom boundary.

The values of pq, ps, i3, and py are free parameters and therefore, user defined.

According to the theory of the NLFFF model (see e.g., Wiegelmann & Saku-
rai, 2021), the angle between current (J) and magnetic field (B) should be 0.
However, since the NLFFF-code uses real measurements of magnetic field, small
but non-zero values of |J x B| are expected from the reconstructed magnetic field
(Thalmann et al., 2019). Therefore, to assess the quality of the coronal mag-
netic field reconstruction, the average value of fractional flux ratio (< |f;] >=<
|(V-B);|/(6|B|;/ Ax) >), weighted angle (6,) between J and B can be considered
(see, DeRosa et al., 2015). In general, NLFFF solutions are considered as good
solutions if they return the values of the residual errors: < |fi] >< 2 x 1073,

05 < 10° (see e.g., DeRosa et al., 2015; Thalmann et al., 2019).

2.3.3 Computation of Degree of Squashing Factors (Q)

Magnetic field lines in the solar corona usually connect opposite polarity regions
on the solar photosphere. Therefore, considering the footpoint locations of a field
line on the photosphere being (u!, u?) and (w!, w?) (see Figure 2.5), the connec-
tivity can be represented by the mapping IT : (u',u?) — (w',w?) which can be
determined by some vector function (W*(u!,u?), W?(u',u?)) (Titov et al., 2009).

The local properties of this mapping are described by the Jacobian matrix

owl  ow!
Oul Ou? a b
D= = (2.9)
ow?z  ow? d
Oul Ou? ¢

44 Gujarat University 2022 Prabir Kumar Mitra



2.3. Coronal magnetic field modeling and numerical techniques

', w?)

Figure 2.5: A schematic for the concept of field line connectivity. A circle is
mapped into an ellipse by a linearized field-line mapping acting between the tan-
gent planes of the launch and target boundaries, where two different curvilinear
coordinates (u', u?) and (w', w?), respectively, exist. The aspect ratio of the
ellipse, when it is large, coincides with a high value of the squashing factor Q.
Figure is adopted from Titov et al. (2009).

The determinant (A) and norm (N) of the matrix is given by
A = ad — be (2.10)

N =[a®+ b+ + d?)2 (2.11)
The degree of squashing factor (Q) is defined as

N2 @+ +E+d
S 2.12
@ YA ad — bc ( )

In this thesis, we computed the ()-maps using the NLFFF extrapolation results
by employing the IDL-based code developed by Liu et al. (2016b).

2.3.4 Calculation of Twist Number (T,)

Twist number T, of a flux rope (Equation 1.2) is used as a quantification of the
number of turns between two infinitesimally close field lines of the flux rope (Berger

& Prior, 2006).
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Combining Equation 2.6 with Equation 1.2, one gets

T, :/adl (2.13)
L

In this thesis, we calculated twist number using NLFFF extrapolation results

by employing the IDL-based code developed by Liu et al. (2016b).

2.3.5 Determination of coronal null points

Coronal null points are defined as locations in the solar corona, where the strengths
of all the three components of magnetic field become locally zero (see review
by Longcope, 2005). In order to locate 3D null-points within the extrapolation
volumes, we used the trilinear method as suggested by Haynes & Parnell (2007).
According to the technique, the whole AR volume are divided into several grid
cells of same dimension. In our works, we used grids of dimension 2x2x2 pixels.
The first step of the trilinear method is to quickly scan through every grid cell by
examining the signs of each component of magnetic field at all the eight corners of
the grid cells. If any of the three components have same sign at all the eight corners,
a null-point cannot reside within the grid cell and therefore, the corresponding cell
is excluded from further analysis. Each of the remaining other cells are then further
divided into subgrid cells of dimensions that is defined by the user and 3D Newton-
Raphson method™ can be used to locate the null point. In our studies, we divided
each of the cells that can possibly house the null point by 100x100x100 subgrid

cells and used the threshold Az < 2 subgrid cell width for locating null-points.

(2http://fourier.eng.hmc.edu/e176/lectures/NM/node21 . html
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Chapter 3

Pre-flare Activity and its Role in
Driving Subsequent Large-scale

Eruptions

3.1 Introduction

Eruptive flares are mostly associated with large-scale eruptions of plasma and mag-
netic field into the interplanetary space i.e., CMEs (Yashiro et al., 2006; Toriumi
& Takasao, 2017; Kawabata et al., 2018). As explained in the standard CSHKP
model of solar flares (Shibata et al., 1996, see Section 1.7), the process initiates
with the eruptive expansion with a magnetic flux rope (observationally identified
in the form of solar filaments/prominences, coronal hot channels etc.). Despite
the general success of the CSHKP model in explaining the observable signatures
of eruptive flares, the mechanisms involved in the build up and activation of the
flux ropes along with triggering of their eruption are not clearly understood and
remain out of the scope of the standard model. Therefore, observational and theo-
retical studies on the triggering mechanisms of solar eruptions have been the topic
of numerous investigations over the years and still form one of the major areas of
research in the contemporary solar physics (see e.g., Chifor et al., 2006, 2007; Liu
et al., 2009; Joshi et al., 2011, 2013; Sterling et al., 2011; Kushwaha et al., 2015).

Prior to the onset of intense flaring emission, events of small-scale energy re-

lease are often observed, which are referred to as ‘pre-flare’ activities (Féarnik et al.,
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1996). Statistical studies on the spatial relation between pre-flare activities and
the subsequent main flares conducted by Farnik & Savy (1998) revealed that ~25%
of all the pre-flare activities occur within the core field i.e., co-spatial to the main
flaring site. The tether-cutting model (Moore & Roumeliotis, 1992; Moore et al.,
2001) suggests development and eventual eruption of flux ropes in response to
small-scale magnetic reconnections within the highly sheared core magnetic field;
thus, providing an explanation to the causal connections between the co-spatial
and main flare emissions. However, the majority of the pre-flare activities (=69%)
are observed to originate within the larger extent of the AR while core of the
pre-flare brightening touches or lays over only a part of the main flaring site (‘ad-
jacent/overlapping’ pre-flare activity; Farnik & Savy, 1998). The exact influence
of such pre-flare activities toward the triggering of the subsequent main flares is
still not well understood. Catastrophic stabilization of flux ropes often temporarily
follow a ‘slow rise’ phase in SXR/EUV emissions during which the filament grad-
ually ascends (see e.g., Veronig et al., 2002). Such ‘precursor’ phases are mostly
associated with a gradual activation of the flux ropes, complete destabilization of
which precisely matches the onset of impulsive phase of flares (Zhang et al., 2001;
Zhang & Dere, 2006).

Investigations of pre-flare and precursor activities provide important clues to
understand the activation of flux ropes and the triggering mechanism for their
catastrophic eruption. In this chapter, we carry out thorough analysis of two
eruptive flares, both associated with multiple pre-flare events and precursor phase,
by employing multi-wavelength imaging, spectroscopic, and numerical techniques
including coronal magnetic field reconstruction. The locations of the pre-flare
activities associated with both the events were spatially detached from the core
region that included flux ropes. However, they originated from locations within
the extent of the AR implying that the pre-flare activities can be considered in
the adjacent/overlapping category. A summary of the two events are provided in

Table 3.1.
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Table 3.1: Summary of the two eruptive flares studied in this chapter

Sr. Date Active region  Flare Duration Location
No. class

1 21 Jun 2015 NOAA 12371 M2.6 =01:20-03:20 UT ~N12E16
2 28 Oct 2013 NOAA 11875 X1.0 =01:41-02:12 UT ~NO7W66

3.2 Triggeing and evolution of eruptive M-class

flaring activity in NOAA 12371

3.2.1 Evolution of AR and build up of magnetic complexity

NOAA 12371 appeared on the visible hemisphere of the Sun over its eastern limb
on 15 June 2015. Although the magnetic morphology of the AR was initially a
moderately complex [-type, it gradually evolved into more complex Bvy-type on
18 June and further into Syd-type on 19 June. NOAA 12371 produced a total of
40 C-class and 6 M-class flares. Interestingly, despite producing such high number
of C-class and moderate number of M-class flares, NOAA 12371 did not produce
any X-class flare. It produced the largest flare (of GOES class M7.9) on 25 June
2015 when it was into its declining phase. However, in terms of the objectives
of this thesis, the most interesting flare from the AR occurred on 21 June 2015.
This dual-peak M-class eruptive flare was preceded by multiple episodes of distinct
pre-flare SXR flux enhancements. Notably, this flare followed the characteristics
of a long duration flare with peak GOES flux reaching a level of M2.6 and a fast
CME with linear speed of 1366 km s~! which gave rise to one of the strongest
space weather manifestations of the solar cycle 24 (Joshi et al., 2018).

The location of the AR on 21 June 2015 near the disk center (=N12E16)
gave us a unique opportunity to carry out comprehensive investigations of the
photospheric magnetic activities during the prolonged phase prior to the onset of
the dual-peak M2.6 flare, in order to understand the effects of energy build up
and photospheric magnetic changes towards the triggering of subsequent flaring
activity. The observations revealed that, on 21 June 2015, the AR was consisted of
two major sunspot groups (Figure 3.1(a)). A comparison of the white light image

of the AR with a co-temporal magnetogram (cf. Figures 3.1(a)—(b)) unveiled
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that almost all of the leading sunspot group of the AR was consisted of negative
polarity while the trailing sunspot group was of mixed polarities that formed a
0-type configuration, making the overall photospheric magnetic configuration of
the AR on 21 June 2015 to be a 3¢ sunspot region. Notably, the flaring activities
on 21 June 2015 occurred from the trailing part of the AR.

The evolution of LOS magnetic flux through the AR was interesting (Figure
3.2). Since, the M-class flare originated from the trailing part of the AR, we have
specified the region by a black box in Figure 3.2(a) and showed the evolution of the
LOS magnetic flux through the whole AR as well as only from the trailing sunspot
region from 20 June 2015 12:00 UT to 21 June 2015 05:00 UT in Figure 3.2(c)—(d).
Notably, the trailing sunspot group was highly dynamic which can be inferred by
comparing Figures 3.2(b1) and (b2) where the area marked by dashed circles was
associated with rapidly evolving magnetic elements and moving magnetic features
(MMFs; discussed in detail in Section 3.2.2). As it is evident from Figure 3.2(c),
photospheric flux of both polarities from the AR initially increased during ~13:30
UT-23:00 UT on 20 June 2015 (we denote this period as ‘phase 1’) and thereafter
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Figure 3.2: Panel (a): HMI LOS magnetogram of NOAA 12371. We outline the
flaring region in the AR by the black box. Panels (b1) and (b2): The flaring region
as indicated by the black box in panel (a), at two different times with a time-gap
of ~23 hours. The red dashed circles in these two panels mark the region with
striking moving magnetic features (MMFs). Panel (c¢): Evolution of magnetic flux
in the whole AR from 20 June 2015 12:00 UT to 21 June 2015 05:00 UT. Panel (d):
Evolution of magnetic flux in the flaring region (within the box in panel 9a)). In
panel (e), we plot GOES SXR lightcurves in both the channels as well as the ATA
94 A intensity profile. In panels(c)—(e), the interval marked as ‘phase 1’ depicts
flux emergence of both polarities in the AR as well as flaring region. The ‘phase
1" was followed by a period of flux cancellation of both polarities (‘phase 2’; the
shaded region) which lasts up to the initiation of the M-class flare on 21 June
2015.
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decreased till the onset of the flare at ~01:05 UT on 21 June 2015 (we denote
this period as ‘phase 2’). Magnetic flux from the trailing sunspot group, (i.e.,
the flaring region) underwent a similar evolution as the entire AR (Figure 3.2(d)).
During phase 1, flux of both polarities increased; however, increase of negative flux
was less prominent than positive flux. Flux of both polarities decayed at similar
rate during phase 2. In order to have an understanding of flaring activity within
this time period from the AR, we have also plotted the variation of GOES SXR
flux along with AIA 94 A intensity in Figure 3.2(¢). We find that, during the
selected interval, there was no appreciable enhancement of SXR and EUV fluxes

prior to the onset of the M-class flare on 21 June 2015.

3.2.2 Sunspot rotation and moving magnetic features

NOAA 12371 was highly dynamic as it underwent significant morphological changes
which include MMFs, emerging/canceling flux elements, and sunspot rotation
throughout its lifetime. To highlight these features, we identified two sub-regions
in the AR that showed most prominent photospheric changes: the leading negative
polarity sunspot group and a region with dispersed mixed polarity flux (marked
by the red and blue colored boxes in Figure 3.1(b), respectively). The leading
sunspot group of the AR (inside the red box in Figure 3.3(b)) was associated with
a very interesting display of morphological evolution during which the extension of
the leading sunspot group along the east-west direction increased from 55" at 20
June 2015 12:00 UT to ~65” prior to the onset of the flare. During the same time,
the north-south extension of the leading sunspot group decreased from =40" to
~35" (cf. Figures 3.3(a) and (f)). Further, we identified a small circular element
of negative polarity (indicated by the blue arrows in Figure 3.3) which exhibited
continuous motion along the southern boundary of the leading sunspot group. The
diagonal expansion of the region alongside the motions of the small patch resem-
bled a ‘clockwise rotation’ of the overall leading sunspot group. We also identified
a distinct patch of small magnetic region (indicated by the red arrows in Figure
3.3) which, after initially exhibiting constant converging motion toward the major
sunspot, merged with it during the final hours of 20 June 2015 (Figure 3.3(e)).
The photospheric activities within the region inside the blue box (Figure 3.1(b))
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is shown in Figure 3.4, where we have indicated two particular features by red
and green arrows. The red arrows indicate a striking MMF element of negative
polarity which also shows significant morphological changes. The green arrows
mark persistent cancellation of a positive flux element as the negative MMF moves

toward north-west direction.

3.2.3 Temporal evolution: SXR and (E)UV lightcurves

The temporal evolution of the M-class flare on 21 June 2015 is depicted by the SXR
flux variation in the GOES 1-8 A and 0.5-4 A channels which are plotted between
21 June 2015 00:00 UT and 05:00 UT in Figure 3.5(a). The GOES 1-8 A channel
time profile suggests that the event started at ~01:20 UT while the peaks of the
two subsequent episodes of energy release were recorded at ~01:42 and ~02:36
UT during which the SXR flux rose to the levels of M2.1 and M2.6, respectively.
Further, the flare was associated with two brief pre-flare flux enhancements at
~01:05 and ~01:14 UT (indicated by the dashed and dotted lines, respectively,
in Figure 3.5). Profile of GOES 0.5-4 A channel clearly reveals that, while the
flux enhancement during the first pre-flare peak was quite impulsive and short-

lived, it was relatively gradual during the second pre-flare peak. We attribute
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the short-lived episodes of small-scale flux enhancements prior to the onset of the
main flare as the signatures of SXR pre-flare activities. The intensity variation
derived from different ATA (E)UV channels on 21 June 2015 between 00:00 UT
and 05:00 UT are shown in Figure 3.5(b). We readily note that none of the ATA
intensity profiles exhibited enhancement during the first GOES pre-flare peak;
while a subtle enhancement was observed during the second pre-flare period in the
ATA 304 and 171 A channels (cf. the dashed and dotted lines in Figure 3.5(a) and
(b)). Intensity in all the ATA channels, except the hot 94 A (log(7')=6.8) channel,
displayed a sharp peak at ~01:36 UT (indicated by the solid line in Figure 3.5(b))
while the second peak in these relatively low temperature AIA channels was rather
gradual. The intensity variation in the ATA 94 A channel diverged from other ATA
channels in the timing and extended duration of the peaks. Interestingly, the ATA
94 A channel displayed three distinct peaks, first and second ones of which were
consistent with the GOES M2.1 and the GOES M2.6 peaks, respectively. The
highest of the three AIA 94 A peaks occurred during the gradual phase of the
M-class flare. The flare entered into the gradual phase after ~03:00 UT in all the
ATA (E)UV and GOES SXR channels.
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Figure 3.5: Panel (a): GOES SXR flux variation in the 1-8 A (magenta) and 0.5-4
A (cyan) channels showing the initiation and evolution of the dual-peak M-class
flare on 21 June 2015. Panel (b): Normalized intensity variations in the 94 A
(green), 304 A (red), 171 A (blue), and 1600 A (yellow) channels of AIA during
the flare. For better visualization, the AIA channels are scaled by factors of 0.5,
0.65, 0.8, and 0.9, respectively. The dashed and dotted lines in both the panels
indicate two precursor events identified in the GOES SXR channels prior to the
initiation of the main flare. The two peaks of the main flare are indicated by the
solid lines in (a) during which GOES 1-8 A flux attained levels of M2.1 and M2.6,
respectively. The solid line in panel (b) indicates an impulsive but short-lived
intensity enhancement observed in the AIA 304, 171, and 1600 A channels.

3.2.4 Two-stage energy release and flux rope eruption

Comparison of Figure 3.5(a) with Figure 3.5(b) suggests that the intensity varia-
tion in the ATA 94 A channel, compared to the other ATA channels, was in the best
agreement with the dual-peak nature of the flare. Therefore, to understand the
morphological evolution of the AR during the dual-peak M-class flare, we looked
into ATA 94 A images (Figure 3.6). From the images, we readily identified the
presence of a prominent hot channel at the core of the AR during the pre-flare
phase (indicated by the yellow arrow in Figure 3.6(b)). Comparison of the loca-
tion of the hot channel with the HMI LOS magnetogram contours in Figure 3.6(a)
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Figure 3.6: Series of ATA 94 A images showing the evolution of the M-class flare on
21 June 2015 from NOAA 12371. A distinct hot channel was observed during the
pre-flare phase over the polarity inversion line in the AR which is marked by the
yellow arrow in panel (b). A remote brightening observed prior to the onset of the
flare is indicated by the red arrow in panel (b). The red arrows in panels (c¢) and (d)
indicate a moving flash connecting the remote region and the northern leg of the
hot channel. The blue arrows in panel (d) indicate the direction of erupting plasma
during the impulsive phase of the flare. Co-temporal HMI LOS magnetogram
contours are overplotted in panels (a) and (i) at +(500, 800, 1500,2000) G. Red
and yellow contours refer to negative and positive polarities, respectively. Co-
temporal RHESSI contours in the energy bands 6-12 keV (red) and 12-25 keV
(blue) are overplotted in selective panels. Contour levels are 60%, 80% and 95%
of the corresponding peak flux. All the images are derotated to 21 Jun 2015 00:30
UT.
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confirms that the hot channel was lying over the PIL in the trailing sunspot of
the AR. After ~00:52 UT, we observed a localized yet prominent brightening from
a location near to the hot channel (indicated by the red arrow in Figure 3.6(b).
Notably, this remote location of pre-flare EUV brightenings was co-spatial with
hard X-ray (HXR) emission of energies up to ~25 keV. AIA 94 A images further
suggest that the brightness of this localized region initially increased up to ~01:05
UT and then decreased till ~01:10 UT before increasing again. These pre-flare
episodic brightenings observed in ATA 94 A images are exactly co-temporal with
the pre-flare GOES SXR flux enhancements observed at ~01:05 UT and ~01:14
UT (cf. Figure 3.5(a)). However, the most interesting phenomena in the context
of the triggering of the flare occurred around ~01:28 UT when we observed an
anti-clockwise motion of a localized bright kernel, depicting a narrow semicircular
path from the northern end of the region of precursor brightening to the northern
leg of the hot channel (indicated by the red arrows in Figures 3.6(c) and (d)). This
strange motion of the bright patch was immediately followed by the catastrophic
eruption of the hot channel, resulting the flare to reach the first peak at ~01:42
UT. During this time, we noted HXR emission of energies up to ~25 keV predom-
inantly from the northern part of the hot channel. During the impulsive phase,
the activated hot channel underwent eruptive motion leading to the development
of a fast halo CME (Joshi et al., 2018). The projected directions of the eruption
of the hot channel are indicated by the blue arrows in Figure 3.6(d). As expected
from the standard flare model, the eruption of the hot channel was followed by
formation of post-reconnection arcade in the trailing sunspot (Figures 3.6(e) and
(f)). We observed structured HXR emission of energies up to ~25 keV from the
dense post-reconnection arcade. Notably, a second phase of the eruption occurred
between ~01:53 UT and ~02:05 UT which was followed by further restructuring
of the AR loops at even larger scales leading to the development of a large-scale
loops arcade connecting the trailing sunspot with the leading sunspot. The large
post-flare arcade was associated with strong diffused emission till ~02:40 UT (Fig-
ure 3.6(g)) when the flare reached its second peak. As the flare moved into the
gradual phase, the brightness of the large post flare arcade slowly reduced and the
AR did not show any significant morphological change till the end of our studied
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period (Figures 3.6(h), (i)). The above observations led Joshi et al. (2018) to con-
clude that two distinct phases of magnetic reconnection occurred successively at
two separate locations and heights of the AR corona in the wake of single, large
hot channel eruption. Based on the temporal and spatial proximity of the two
distinct energy release phases along with spectral characteristics of emission, Lee
et al. (2018) has termed the two-phases of energy release as the signature of a
‘composite flare’ triggered by the flux rope eruption.

To have a further clarification on the triggering of the hot channel eruption,
we selected three slits and computed time-slice diagrams along them (Figure 3.7).
These time-slice diagrams can be effectively used to observe the time evolution
of plasma eruption and progression of the bright kernel along the selected slits.
From Figure 3.7(b), we find that the motion of bright kernel (apparent signatures
of slipping reconnection) from the precursor location started at ~01:26 UT. We
have highlighted the motion of the bright kernel in Figure 3.7(b) by a dotted curve.
The estimated time of the arrival of the bright kernel at the Ty point is indicated
by the dashed vertical line in Figures 3.7(b)—(c). From Figures 3.7(c) and (d),
it becomes evident that the eruption started immediately after the bright kernel
reached the core of the AR, i.e., the eruption was triggered by the processes linked
with the motion of the bright kernel.

In order to understand the evolution of the flare in the lower atmospheric layer
of the Sun, we looked into AIA 304 A images (Figure 3.8). We observed the pres-
ence of a filament (marked by the blue arrow in Figure 3.8(b)) lying along the PIL
in the trailing sunspot region (cf. Figure 3.8(b) with HMI LOS contours in Figure
3.8(a)). Notably, the location of the filament was co-spatial with the location of
the hot channel observed in the ATA 94 A channel images (cf. Figures 3.8(b) and
3.6(b)). The adjacent precursor activity was also observed in the AIA 304 A im-
ages (Figure 3.8(b) and (c)). The impulsive phase of flare was characterized by the
formation of a clear set of flare ribbons in the trailing sunspot region (indicated
by the arrows in Figure 3.8(d)). As expected from the standard flare scenario,
the separation between the two ribbons increased with time, albeit rather slowly,
which was followed by the development of a dense post flare arcade connecting the

two ribbons (Figures 3.8(d)—(h)).
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Figure 3.7: Panel (a): AIA 94 A images prior to the onset of the hot channel
eruption. The three curves (marked by T;Ts, NiNy, and S;S,) indicate three
slits along which time-slice diagrams are computed. Panels (b)—(d): Time-slice
diagrams corresponding to the slits T1T5, N1 Ny, and S1Ss, respectively. The dotted
curve in panel (b) indicate the anti-clockwise motion of the subtle brightness from
the precursor location to the northern leg of the hot channel. Dotted curves in
panels (c¢) and (d) highlight the eruptive motion of the hot channel. The dashed
vertical line in panels (b) and (d) indicate the estimated time of the arrival of the
brightness to the northern leg of the hot channel along T;Ts.
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Figure 3.8: Series of ATA 304 A images displaying different phases of the M-class
flare. A filament was observed (indicated by the blue arrow in panel (b)) which was
co-spatial to the hot channel (cf. Figure 3.6(b)). The remote brightening and the
moving flash are indicated by the green arrow in panels (b) and (c), respectively.
The white arrows in panel (d) mark the two flare ribbons during the impulsive
phase of the flare. Co-temporal HMI LOS magnetogram contours are overplotted
in panels (a) and (i) at £(500, 800, 1500,2000) G. Green and sky contours refer
to positive and negative polarity, respectively. All the images are derotated to 21
Jun 2015 00:30 UT.

3.2.5 Identification of small-scale pre-eruption processes

EUV images of the AR (Figures 3.6 and 3.8) clearly suggest that the earliest
flare brightening occurred at a remote location to the west of the pre-existing

hot channel (i.e., magnetic flux rope), which evolved with time but remained
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within a localized region. As discussed earlier, we interpret this brightening as
GOES SXR precursor as it was followed by the activation and eruption of the hot
channel as a sequence of causally linked activities. Here we further recall that
this region region of precursor brightening was associated with rapidly evolving
dispersed magnetic field of positive and negative polarities which included MMFs
besides the emergence and cancellation of magnetic flux (Figure 3.4). In Figure
3.9, we further investigate the precursor activities and its relation to the small-
scale magnetic field changes. The region of precursor brightening over an HMI
magnetogram is highlighted by the box in Figure 3.9(a) and co-temporal overplots
of the ATA 94 A images with the magnetograms are shown in Figures 3.9(b1)-
(b3). We identified several instances of flux emergence and cancellation of both
polarities within the region of the precursor brightening (indicated by the arrows of
different colors and the boxes in Figures 3.9(b1)—(b3)). In Figure 3.9(c), we show
the evolution of LOS magnetic flux from the precursor region on 21 June 2015
from 00:00 UT till the onset of the impulsive phase of the flare at ~01:20 UT. We
find that magnetic flux of both positive and negative polarities exhibited episodic
increase and decrease from the region, further implying significant small-scale flux
variations. Notably, the overall trend of positive flux in this region displayed a
slow decay while the negative flux increased initially up to ~00:25 UT and decayed
gradually thereafter.

3.2.6 Morphology and evolution of photospheric longitu-

dinal current

Electric current density on the photosphere, being a direct consequence of flux
emergence and decay as well as photospheric motions, is expected to provide im-
portant insights toward understanding the onset of flares. The longitudinal compo-
nent of current density (j,) on the photosphere can be calculated from horizontal
components of magnetic field (By and By) using the Ampere’s law (Tan et al.,

2006; Kontogiannis et al., 2017):

Jo = L (dBy - dB") (3.1)

po \ do dy
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Figure 3.9: Panel (a): HMI LOS magnetogram of NOAA 12371 prior to the onset
of the M-class flare. The box in panel (a) outlines the region that displayed small-
scale magnetic field changes along with MMFs. Panels (b1)-(b3): AIA 94 A images
of the region, shown within the box in panel (a), overplotted with co-temporal LOS
magnetograms. Black and red contours refer to negative and positive polarities,
respectively. Contour levels are £25 G. The arrows and the boxes in these panels
indicate different instances of flux emergence and decay in this region prior to the
triggering of the flare. All the images in panels (a) and (b1)—(b3) are derotated
to 21 Jun 2015 01:00 UT. In panel (c), we display the variation of magnetic flux
in the region within the box in panel (a) on 21 Jun 2015 from 00:00 UT up to
the onset of the flare at ~01:20 UT. The shaded region in panel (c) denotes the
interval of precursor enhancements observed in GOES SXR channels.
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Photospheric current (7,) is derived from current density (j,) by multiplying 7,
with the area of one pixel (~13.14x10'° m? for HMI vector magnetograms of the
‘hmi.sharp_cea_720s’ series). In Figure 3.10, we plot the temporal evolution of
average [, for the overall AR (Figure 3.10(b)) as well as the location of precursor
brightening (Figure 3.10(c)). From the spatial distribution of I, prior to the hot
channel activation (Figure 3.10(a)), we find large concentration of positive and
negative currents along the narrow strip delineated by the PIL with the maximum
and minimum values of I, in the AR being 2.09x10'° A and -2.24x10% A, re-
spectively. It is noteworthy that the region displaying precursor brightenings in
the corona and underlying MMFs in the photosphere (i.e., the triggering region;
shown within the box in Figure 3.10(a)) exhibited a complex distribution of I,.
The spatial distribution of I, in the triggering region of the AR (within the box
in Figure 3.10(a)) suggests that small-scale regions of both positive and negative
1, were mostly distributed randomly. However, a few regions of relatively strong
photospheric current of both polarities situated close to each other forming a
structure with the apparent shape of ‘A’ formed by I, was very clear in the region
during the pre-flare phase (outlined by pink-black dashed lines in Figure 3.11(b)).
Notably, the left arm of the structure was completely made of negative I, regions
while the right arm was consisted of the positive I, in the northern part and
negative [, in the southern part. The connecting part of the arms in the ‘A’
was consisted of positive I,. A comparison of the timings of the I,-maps of the
triggering region with GOES SXR evolution (Figure 3.11(a)) reveals that during
the SXR precursor enhancement, in the northern tip of the structure (outlined
by the oval shape in Figures 3.11(b)—(g)), I, of opposite polarities became very
close to each other (Figures 3.11(b) and (c)) which may be ideal for dissipation
of current in the form of magnetic reconnection. With the evolution of the flare
(Figures 3.11(c)—(g)), the closely situated regions with high-7, at the tip of the ‘A’
significantly decayed and the left arm of the ‘A’ became fragmented (see region
inside the box in Figures 3.11(b)—(g)). We further spotted another interesting
feature in Figures 3.11(b)—(g) in the form of appearance and decay of a positive

current region which are indicated by the black arrows.
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Figure 3.10: Panel (a): Distribution of longitudinal component of the photospheric
current in NOAA 12371 on 21 June 2015 00:00 UT. The region associated with
precursor brightening is enclosed by the box in panel (a). Note that, for better
visualization, we have saturated the I, values at £0.5x10'° A in panel (a). The
approximate location of the hot channel is indicated by the red-black dashed line in
panel (a). In panel (b) and panel (c¢), we plot the variation of vertical component
of photospheric current within the entire AR and within the box in panel (a),
respectively. The vertical bars represent 1o uncertainty in the calculation. For
comparison, we have plotted the variation of GOES SXR channels in panel (d).
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Figure 3.11: Panel (a): GOES SXR lightcurves showing the evolution of the M-
class flare. In panels (b)—(g), we plot the distribution of vertical component of
photospheric current over the region shown within the box in Figure 3.10a at six
different times as indicated by the black lines in panel (a). Notably, on a whole,
few regions of strong current of opposite polarity constitute a structure similar to
the English letter ‘A’ which is outlined by the black-pink dashed lines in panel
(b). We highlight few major changes in the distribution of current by the arrow,
oval and box in panels (¢)—(g). For better visualization, values of I, are saturated
at £0.5x10'° A. Maximum and minimum values of I, with order of 10! A within
the selected FOV are indicated in each of these panels.
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3.2.7 Non-linear Force Free Field (NLFFF) extrapolation

results

Modeled coronal magnetic configuration

In order to understand the coronal connectivities between the photospheric mag-
netic polarities of the AR, we performed NLFFF extrapolation based on an op-
timization technique (see Section 2.3.2). For the purpose, we selected an HMI
magnetogram at 01:00 UT on 21 June 2015 which represents the photospheric
configuration prior to the onset of eruption (Figure 3.12(a)). The following values
of the free parameters (see Chapter 2.3.2) were used for the extrapolation:

v =0.01; Wigs = 1; Whrans = mastB’

= p2 =1 ps = 0.001; pa = 0.01

The residual errors were obtained as

< |fil >=3.718 x 10—4; 60, = 7.22°.

The NLFFF-modeled coronal configuration readily revealed the presence of an
extended flux rope over the PIL (shown by sky-colored lines in Figures 3.12(b)-
(d)) which was enveloped by a set of low-lying coronal loops (shown by blue lines
in Figures 3.12(b)—(d)) connecting the opposite polarity regions of the trailing
sunspot group. Importantly, the modeled flux rope is situated at the same location
where the hot coronal channel was identified in the ATA images (cf. Figure 3.12(b)
and 3.6(a), (b)). The coronal configuration associated with the remote region of
precursor brightening is manifested by the pink lines in Figure 3.12. We further
identified a second set of closed field lines (shown by the yellow lines) connecting
the opposite polarity regions in the trailing sunspot group, a part of which were
situated at a very close proximity to the pink lines (see Figure 3.12(c)). Notably,
the anti-clockwise motion of the brightening from the precursor location, clearly
revealed by the time-slice diagram shown in Figure 3.7(a), matches reasonably
well with the footpoints of the yellow lines. We also note that, a few of the yellow
and pink lines displayed a drastic change in the field-line linkage. In literature,
such structures are termed as quasi-separatrix layers (QSLs) and are characterized
by high squashing factor (Q); see, Priest & Démoulin, 1995). The @ value of this
region is found to be higher than 10° (shown by the neon-green colored patch and

the black arrow in Figure 3.12(c)).
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To have a further insight of the anti-clockwise motion of the brightening prior
to the eruption of the hot channel, we show the photospheric regions with a ) value
greater than 107 by red color in Figures 3.12(b)—(e). We find that, the footpoints
of the yellow lines perfectly match with regions of high @ values (Figure 3.12(c))
which implies that the anti-clockwise motion of brightening from the precursor
location was a slipping reconnection (see e.g., Démoulin et al., 1997; Craig &
Effenberger, 2014; Janvier et al., 2016).

From the coronal connectvities in the whole AR, shown from the top and side
views in Figures 3.12(d) and (e), respectively, we readily note the presence of a
set of relatively large-scale coronal loops that connected the positive regions of
the trailing sunspot group to the leading negative sunspot group (shown by green
lines in Figure 3.12(d)—(e)). Further, a part of the green lines originating at the
positive polarity region terminated at the adjacent negative polarity region of the
same sunspot group. Notably, these two sets of green lines constituted a second
QSL characterized by log()) > 8 within the AR (indicated by a black arrow and
the blue colored patch in Figure 3.12(d)). Interestingly, Jing et al. (2017) reported
the occurrence of a large-scale slipping reconnection on 22 June 2015 from the
same region of the second QSL. This implies that despite producing the eruption
of a halo CME associated with a complex M-class flare on 21 June 2015, the large-
scale magnetic structure of NOAA 12371 remained mostly preserved on the next

day.

Evolution of Magnetic Free Energy
The magnetic free energy (Er) associated with an AR is considered as an important
factor in order to understand the energy budget of the flares originated from that

AR. Ep can be estimated by the formula:

By? Bp?
EFr=FEN—Fp= | —dv— | —d 3.2
F N P /v e v /v St v (3.2)
where EyN and Ep are non-potential energy and potential energy, respectively.
In this work, we calculated magnetic energy by employing the magnetic virial
theorem (Klimchuk et al., 1992). According to this theorem, the magnetic energy

stored in a coronal force-free magnetic field is given by the surface integral at the
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Figure 3.12: Panel (a): CEA projected vertical component (B,) of the HMI vec-
tor magnetogram of NOAA 12371 at 01:00 UT on 21 June 2015. Blue and red
arrows over the magnetogram indicate the horizontal component of magnetic field
associated with positive and negative (B,), respectively. Panels (b)—(e): Modeled
coronal magnetic configuration based on the NLFFF extrapolation results of the
vector magnetogram shown in panel (a). Different sets of NLFFF field lines asso-
ciated with the trailing sunspot group, i.e., within the green box in panel (a), from
top and side views, are shown in panels (b) and (c), respectively. The neon-green
colored region (also marked by the black arrow) indicate regions characterized by
log(@) > 9. In panels (d) and (e), we show the top and side view of the model
lines in the whole FOV as in panel (a). The blue regions (also marked by the
black arrow) in panel (d) indicate a region possessing high @ value (log(Q) > 8).
The background white boundary behind the green lines in panel (d) direct to the
north. In all the panels, photospheric regions shown by red color are characterized

by log(Q) > 7.
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Figure 3.13: Panel (a): Evolution of magnetic free energy during 20-22 June, 2015,
calculated by virial theorem. 1o error in the calculation of free energy is plotted
by vellow bars. For comparison, GOES 1-8 A SXR flux variation is plotted in
panel (b). The shaded intervals represent the durations of C-, and M-class flares
originated from NOAA 12371. The striped dashed interval indicates the duration
of the flare.

photospheric boundary involving the three vector magnetic field components, i.e.,

1

4r z=0

E (xBx + yBy)B,dxdy (3.3)

where By, By, and B, are the z-, y-, and z-components of the photospheric mag-
netic field, respectively. Here, the three components of photospheric vector mag-
netic field were obtained from the ‘hmi.sharp_cea_720s’ series of HMI/SDO. The
magnetograms were then pre-processed as described in Section 2.3.2 and the ref-
erences therein. The evolution of the free magnetic energy stored in NOAA 12371
normalized by the corresponding potential energy during the most active phase of

NOAA 12371 (i.e., 20-22 June, 2015) is shown in Figure 3.13(a). For reference, we
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have also plotted the GOES 1-8 A SXR flux variation during the whole period in
Figure 3.13(b). Notably, in this duration, the AR produced three M-class flares:
class M1.0 on 20 June, class M2.6 on 21 June and class M6.5 on 22 June. From
these figures, we find that prior to the M2.6 and M6.5 class flares, magnetic free
energy accumulated in NOAA 12371 was over 80% of the corresponding potential
energy, which significantly decreased after the flares and reached local minima at
~57% and =65% of the corresponding potential energies, respectively. Interest-
ingly, we observed no significant change in magnetic free energy before and after

the M-class flare on 20 June.

3.2.8 Discussion

In this work, we carried out a multi-wavelength analysis of the flux rope eruption
on 21 June 2015 from NOAA 12371 with a particular emphasis on the pre-flare
period and their role on triggering the eruption. Although the automated catalog
of GOES flares!) has enrolled two flares on 21 June 2015, the evolution of the
AR from the hot channel to the formation of large post-flare arcade during the
two GOES peaks clearly suggests the GOES flaring events as a single flux rope
eruption, i.e., a dual-peaked long duration flare.

The temporal evolution of the GOES SXR flux readily reveals that the flare was
associated with two-stage precursor emission. Comparison of GOES SXR fluxes
with ATA observations confirms that both the episodes of the pre-flare subtle flux
enhancements were caused by localized brightenings occurring from a nearby region
situated to the west of the hot channel (Figures 3.6, 3.8 and 3.9). These localized
brightenings suggests energy release at small-scale within the same AR that can
provide potential trigger for eruption by destabilizing a stable flux rope (Farnik
et al., 1996; Farnik & Savy, 1998; Warren & Warshall, 2001; Farnik et al., 2003;
Sterling & Moore, 2005; Chifor et al., 2007; Kim et al., 2008; Liu et al., 2009; Joshi
et al., 2011, 2016a, 2017a; Dhara et al., 2017; Woods et al., 2018; Hernandez-Perez
et al., 2019b; Mitra & Joshi, 2019). In view of the location of the pre-flare energy
release, being within the spatial extension of the AR but clearly separated from

the hot channel (i.e., the flux rope), the present case is a good example of adjacent

Mnttps://www.swpc.noaa.gov/products/solar-and-geophysical-activity-summary
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pre-flare activity. Further, the temporal and spatial evolution of the event suggests
that pre-flare emission essentially acted as the precursor to the main eruption.

An important aspect of this study is to investigate the origin of the pre-flare
activities and their spatial relation with the eruption of the flux rope. Modeled
coronal configuration (Figure 3.12) suggests that the triggering region, (i.e., the
region of precursor activity) was characterized by highly sheared small-scale coro-
nal magnetic loops (pink lines in Figure 3.12). Small scale electric currents are
generated on the photosphere within the region of sheared magnetic field, which
can lead to the onset of solar flares (Zhang & Low, 2005). Tan et al. (2006) carried
out an investigation of the evolution of photospheric currents during two M-class
flares occurring from two different ARs. They found that although both the ARs
were subjected to rapid flux emergence, the two flares differed significantly in
the evolution of photospheric longitudinal current. Their analysis revealed that,
during one flare the longitudinal electric current density dropped rapidly; while
it increased during the other flare. This result led them to conclude that rapid
emergence of current carrying flux may be responsible for the increasing longitu-
dinal current while decrease of electric current can be resulted by dissipation of
magnetic free energy. Our analysis suggests that in the triggering location, a few
localized regions with high values of vertical component of photospheric electric
current with opposite polarities were situated very close to each other (Figure
3.11). One particular set of such regions with opposite polarity longitudinal cur-
rent became adjacent to each other (within the oval in Figures 3.11(b), (c)) during
one pre-flare SXR enhancement, implying that the initial reconnection most likely
occurred from this location. Once the reconnection began, it induced further re-
connection events in the nearby stressed magnetic field lines of the region resulting
in the enhancement of plasma temperature. Reconnection events at the pre-flare
location most likely induced a slipping reconnection in the yellow field lines (Fig-
ure 3.12) carrying energy from the precursor location to the northern leg of the
hot channel leading to its destabilization. The entire mechanism suggested here is
analogous to the domino effect that involve a sequence of destabilizing processes
that eventually cause a large-scale eruption (Zuccarello, F. et al., 2009).

Evolution of magnetic flux suggests that the AR experienced significant flux
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emergence for =10 hrs and cancellation thereafter for ~2 hrs prior to the onset
of the flare (Figures 3.1(c)—(d)). Notably, in the entire duration, the AR did
not produce any flaring activity (cf. Figures 3.1(c), (d) and (e)) suggesting the
emergence of magnetic flux in the trailing sunspot region and the subsequent phase
of its decay prior to the onset of the flare possibly resulted in the build up of the
flux rope along the PIL. This result is supportive of the flux cancellation model
proposed by van Ballegooijen & Martens (1989) which states that flux cancellation
at the PIL of a sheared magnetic arcade leads to the formation of flux ropes. The
build up of the flux rope over the PIL in the trailing sunspot group of NOAA
12371 prior to the M-class flare on 21 June 2015 was observationally inferred by
continuous brightening up of the hot channel as observed in AIA 94 A channel
images (Figure 3.6(a)—(c)). Our analysis suggests that the hot channel continued
to acquire the magnetic field and stress in response to the flux cancellation for an
extended period of time during the pre-flare phase. As a result, the flux rope had
already reached to a meta-stable state prior to the onset of the flare which allowed
immediate eruption of it once triggered by the slipping reconnection. This type
triggering can be explained by the “tether-weakening” model proposed by Moore
& Roumeliotis (1992). According to this model, a meta-stable flux rope can be
triggered by activities occurring adjacent to it, i.e., off the main PIL (see e.g.,

Sterling et al., 2007; Yang & Chen, 2019).

3.3 Triggering and evolution of eruptive X-class

flaring activity in NOAA 11875

In order to understand how the eruption characteristics of flux ropes are influenced
by pre-flare activities, we carried out a multi-wavelength observation of a flux rope
eruption leading to the formation of a halo CME, associated with an X1.0 flare.
Notably, the flare was preceded by a couple of distinct pre-flare periods of SXR
flux enhancements. We further observed a period of mild SXR flux enhancement
immediately prior to the start of the impulsive energy release during the X1.0

flare, a characteristic of the ‘precursor phase’ (Zhang & Dere, 2006).
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3.3.1 Overview of NOAA 11875

The eruptive flare under study occurred from NOAA 11875. The AR emerged
on the eastern limb of the Sun on 16 October 2013 as a Bv-type sunspot?. It
gradually transformed into a more complex vd-type on 22 October and remained
so until its remaining passage on the visible Sun till 30 October. In its lifetime,
NOAA 11875 produced a total of 2 X-class, 11 M-class flare besides many C-class
onesl®. Notably, the eruptive X1.0 flare occurred on 28 October 2013 when the AR
was situated close to the western limb of the Sun at the heliographic co-ordinates
~NOTW66!.

We analyzed the observation of NOAA 11875 on 28 October 2013 from 00:30
UT to 04:30 UT, during which the AR underwent activation and eruption of a
hot channel in association with an X1.0 flare. In Figure 3.14, we present multi-
wavelength view of the AR prior to the erupting event. The photospheric HMI
white light image suggests that the AR was consisted of a major leading sunspot
and few trailing spots of much smaller sizes (Figure 3.14(a)). Comparison of a
co-temporal HMI LOS magnetogram (Figure 3.14(b)) with the while light image
indicates that the major leading sunspot had a complex fine structure with multiple
umbrae of opposite polarity within a common penumbra i.e., d-spots while the
trailing spots were mostly of positive polarity. AIA 171 A image gives information
about the coronal connectivities associated with the AR. Interestingly, we find a
filament structure in the AR (indicated by the brown arrow in Figure 3.14(c))
and a set of open field lines originating from the trailing part of the AR (marked
by the black arrows in Figure 3.14(c)). ATA 94 A image indicates a hot coronal
channel near the filament (indicated by the red arrow in Figure 3.14(d)) which
forms the core of the AR. Notably, comparison of AIA 171 and 94 A images also
indicate that the region of open field lines was also connected with the core of the

AR (containing the filament) by a set of hot coronal loops.

Rlyww.helioviewer. org
Blnttp://wuw.1lmsal.com/solarsoft/latest_events_archive.html
Mhttps://www.solarmonitor.org/index.php?date=20131028&region=11875
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Figure 3.14: Panel (a): HMI white light image of the active region NOAA 11875
prior to the eruptive flare. Panel (b): Co-temporal HMI LOS magnetogram of
NOAA 11875. Panels (c)-(d): AIA EUV images of the AR in 171 A and 94 A |
respectively. FOV of panels (a) and (b) is indicated by the sky colored boxes in
panels (c¢) and (d). The black arrows in panel (c) indicate few open coronal lines.
The brown arrow indicate the filament during the pre-flare phase. The red arrow
in panel (d) indicate the hot coronal loops near the filament.

3.3.2 Evolutionary phases of the X1.0 flare

We have shown the time variation of the GOES SXR flux in 1-8 A and 0.5-4 A
channels within our studied interval in Figure 3.15(a). Based on the time variation,
the overall evolution of the X1.0 flare can readily be summarized by three distinct
phases: a pre-flare phase characterized by two temporally well separated episodes
of SXR flux enhancement with peaks ‘P1” and ‘P2’ (indicated by the two dotted
lines in Figure 3.15(a)), a precursor phase when the XSR flux increased gradually
and the X1.0 flare including the impulsive and gradual phases. According to
GOES, the onset of the impulsive phase of the X1.0 flare occurred at ~01:53 UT.
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Table 3.2: Summary of the evolutionary phases of the eruptive X1.0 flare

Sr.  Phase Interval Remarks
No.

1 Pre-flare 00:45 UT- 01:37 UT Two peaks were observed in the GOES
SXR flux at =00:59 UT (‘P1’) and
~01:30 UT (‘P2’).

2 Precursor 01:37 UT- 01:53 UT Activation of the hot coronal channel
began and it underwent a slow rise.

3 Impulsive 01:53 UT—-02:02 UT The eruption of the hot channel expe-
rienced rapid acceleration; multiple X-
ray sources were observed from foot-
point and looptop locations.

4 Gradual 02:02 UT-02:58 UT Dense post-flare arcade was formed.

After a period of rapid enhancement of flux in both the GOES X-ray channels,
lasting for ~9 min, the flare reached at its peak flux at ~02:02 UT which was
followed by a slow decrease of SXR flux in both the GOES channels, i.e., the flare
moved into the gradual phase. A summary of different evolutionary phases of the
X1.0 flare is given in Table 3.2.

Our observation revealed that a complex structure situated close to the north-
ern leg of the hot coronal channel (shown inside the boxes in Figures 3.15(b)—(d))
brightened up during the first pre-flare event (i.e., P1). Notably, activity from this
region was clearly captured in both high and low temperature AIA passband filter
images (highlighted by the boxes in Figures 3.15(b)—(d)). Interestingly, during
the second pre-flare event (P2), we observed intensified brightness from a com-
pact loop system from the trailing part of the AR (shown inside the white boxes
in Figures 3.15(e)—(g)), i.e., location of energy release during the two pre-flare
SXR enhancements were completely different, although both the locations resided
within the overall extent of the AR. It is noteworthy that AIA 304 A images dur-
ing the Py event revealed two ribbon-like brightening (shown within the box in
Figure 3.15(g)), co-spatial to the loop-like brightening, suggesting emission from
the footpoints of the hot loops. The precursor phase of the flare was character-
ized by the activation and slow rise of the hot channel (Figures 3.15(h)—(j)). The
hot channel completely erupted during the X1.0 flare which is indicated by white
arrows in Figures 3.15(k) and (1).

Figure 3.16 shows the temporal evolution of AIA (E)UV intensities (Figure
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Figure 3.15: Panel (a): GOES SXR flux variation in 1-8 A (red curve) and 0.5-4
A (green curve) channels on 2013 October 28 from 00:30 UT to 04:30 UT that
includes different phases prior to and during the X1.0 flare. The pre-flare phase
was characterized by two episodes of SXR flux enhancements with peaks ‘P1’ and
‘P2’ which are indicated by the dashed lines. The sky colored shaded area indicates
the precursor phase when the activation of the hot channel (i.e., flux rope) began
and it underwent a slow-rise phase. Panels (b)—(m): AIA EUV images of the
active region NOAA 11875 in 94 A (panels (b), (e), (h), (k)), 131 A (panels (c),
(f), (i), (1)), and 304 A (panels (d), (g), (j), (m)). These representative images
show various phases of the X1.0 flare: two pre-flare peaks P1 and P2 (panels (b)—
(d) and (e)—(g), respectively); precursor phase (panels (h)—(j)), and the eruption of
the hot channel during the impulsive phase of the X1.0 flare (panels (k)—(m)). The
white boxes in panels (b)—(d) indicate pre-flare activity during P1 from a complex
localized region adjacent to the northern leg of the hot channel. The white boxes
in panels (e)—(g) indicate pre-flare activity during P2 from the trailing part of the
AR. The white arrows in panels (k) and (1) indicate the erupting flux rope.
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3.16(a)) and RHESSI X-ray counts (Figure 3.16(b)). For comparison, we have
overplotted GOES SXR flux variation in both 1-8 A and 0.5-4 A channels in
Figure 3.16(b). Comparison of multi-wavelength and multi-instrument lightcurves
clearly indicates that the pre-flare event P1 was very prominent in RHESSI 3-6
keV and 6-12 keV channels. However, only the 304 A channel among other ATA-
(E)UV channels displayed a small peak during P1. RHESSI missed observation
during ~01:13 UT- 01:45 UT due to ‘South Atlantic Anomaly’ (SAA; Heirtzler,
2002), which included the pre-flare event P2. Notably, the AIA 94 A and 304 A
lightcurves displayed a small increment during this period. We noted a general
agreement between all the lightcurves during the main phase of the X1.0 flare.
RHESSI time profiles underwent a sudden rise of HXR flux at ~01:53 UT im-
plying the onset of the impulsive phase of the X1.0 flare. The impulsive build
up phase of the X1.0 flare was characterized by a very interesting phenomena in
the RHESSI high energy channels of 225 keV in the form of multiple short-lived
spikes during ~01:55 UT- 02:00 UT (see the green, yellow and violet lines in Fig-
ure 3.16(b)). Counts in the high energy channels of RHESSI (250 keV) decreased
suddenly after ~02:00 UT while counts in the low energy channels (<50 keV) un-
derwent gradual decay (decay rate was faster for the 25-50 keV channel than the

other channels).

Pre-flare phase

The two SXR pre-flare events (P1 and P2) were spatially and temporally well-
separated from each other (Figure 3.15(a) and Section 3.3.2). In order have a
better understanding of the locations and structural evolutions of pre-flare events,
we look into ATA 94 A images of the activity site (Figure 3.17). These images
readily reveal that a small region situated at the north of the AR underwent a
complex evolution during P1 (zoomed in images of the region are shown in the
insets in Figures 3.17(b) and (c)). We observed strong RHESSI 6-12 keV sources
residing at the same location during P1 (co-temporal RHESSI 6-12 keV contours
are plotted in Figure 3.17(a) and in the inset in Figures 3.17(c)). During the Py
event (i.e., ~01:28 UT—~01:40 UT), we observed moderately intense loop bright-

ening from a nearby region situated to the east of the main flaring site (identified
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Figure 3.16: Panel (a): AIA lightcurves on 2013 October 28 during 00:30-04:30
UT normalized by the corresponding peak fluxes. For clear visualization, ATA
lightcurves have been further normalized by 0.8, 0.85, 0.9, and 0.5 for 304 A, 94
A, 171 A, and 1600 A, respectively. Panel (b): Temporal evolution of RHESSI
and GOES X-ray fluxes in the same interval as in panel (a). RHESSI did not
observe during ~01:14 UT- ~01:45 UT and ~02: 54 UT- ~03:25 UT. RHESSI

fluxes have been normalized by factors of 2 > 20, 110, 709> and 5(1)0 for 3-6 keV, 12-25

keV, 25-50 keV, 50-100 keV, and 100-300 keV, respectively. The red, green, and
blue bars at the top of panel (b) indicate RHESSI attenuator states A0, Al, and
A3, respectively.

by the presence of the hot channel indicated by the arrow in Figure 3.17(a)) but
within the AR (indicated by the arrows in Figures 3.17(d) and (e)). Comparison
of GOES time profiles (Figure 3.15(a)) and AIA images (Figure 3.17) confirms the
association of SXR pre-flare enhancements with localized energy release events
within the AR. In Figure 3.17(f), we plot an AIA 94 A image of the AR where
the erupting hot channel can be identified clearly (indicated by the white arrow).
The two dashed boxes in Figure 3.17 indicates the locations of the two pre-flare
activities, which provides decisive evidence that the two pre-flare events prior to

the X1.0 flare recorded by GOES occurred in the same AR but from two different
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Figure 3.17: Panels (a)-(c): AIA 94 A images showing evolution during the pre-
flare event P1. During pre-flare event P1, activities were observed from a complex
structure situated at the northern end of the hot channel which is outlined by the
white boxes. Insets in panels (b) and (¢) show zoomed in images of the region en-
closed within the boxes. RHESSI observation was available during pre-flare event
P1. In panel (a) and the inset in panel (c), we plot co-temporal RHESSI 6-12 keV
contours. Contour levels are 35%, 50%, 70%, and 95% of the corresponding peak
flux. Panels (d)-(e): AIA 94 A images during the pre-flare event P2. Activities
during P2 were observed in the form of loop brightening which is indicated by the
white arrows. Panel (f): AIA 94 A at ~01:51 UT when flux rope eruption was very
prominently observed in hot AIA pass band filters. The eruption of the magnetic
flux rope is indicated by the arrow in panel (f). For comparison, the locations of
pre-flare activities during the P1 and P2 are shown by the white boxes with dotted
lines in this panel.
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locations. It is worth mentioning that, while the location of pre-flare event P2
displayed activity only during P2, the location of pre-flare event P1 was associ-
ated with continuous small scale activity throughout the pre-flare phase, precursor

phase, and even during the impulsive phase of the X1.0 flare.

Precursor phase

Following the two pre-flare events, we observed a phase during ~01:37 UT to
~01:53 UT characterized by a gradual rise of SXR flux in both the GOES chan-
nels when the hot channel underwent activation and exhibited a slow but steady
expansion (Figure 3.15(a)). EUV images revealed that emission from the core
field region, containing the activated hot channel significantly intensified during
this phase (Figures 3.15(h)—(j)). The slowly accelerating hot channel was most
prominently observed in the AIA images of hot 94 A (Figures 3.18(b)~(d)) and
131 A (Figures 3.19(a)—(d)) channels. This phase was further characterized by
X-ray emission up to =50 keV from the hot core field region while the slowly ris-
ing hot channel steadily moved to larger heights (Figure 3.18(c)—(d) and Figure
3.19(b)—(d)). Further, the location of pre-flare event P1 consistently displayed
activities including localized brightening and plasma ejection throughout the pre-
cursor phase (indicated by the yellow arrows in Figures 3.18(a), (c), and (d)).
Notably, an intense 50-100 keV HXR source was observed from the location of P1
during the late precursor phase (Figure 3.18(d)) suggesting strong non-thermal
emission from the location.

To further investigate the eruptive evolution of the hot channel, we specified a
narrow slit along direction of its eruption (shown by the white line S; S, in Figure
3.20(a)) and plotted its time evolution between ~01:35 UT-02:00 UT in Figure
3.20(b). The time-slice diagram reveals that initially the hot channel experienced
a very gradual rise with a speed of ~14 km s~! up to ~01:53 UT, which was fol-
lowed by rapid acceleration (~1.41 km s~2) between ~01:52 UT and 01:54 UT as
the flare moved into the impulsive phase (the interval is marked by the two blue

dotted lines in Figure 3.20(b)).

The X1.0 flare and eruption of the hot channel
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Figure 3.18: Representative ATIA 94 A images showing various evolutionary phases
(precursor, impulsive, and gradual) during the X1.0 flare. The red arrows in panels
(¢)—(d) indicate the slow rise of the hot channel during the precursor phase which
erupted during the subsequent impulsive phase of the X1.0 flare (indicated by the
red arrows in panels (e) and (f)). From the location of pre-flare events ‘P1’ (cf.
Figure 3.17(f)), we observed localized brightening and plasma ejection throughout
the precursor and impulsive phase which is indicated by yellow arrows in panels
(a), (¢), (d), (g), and (h). Co-temporal RHESSI contours of 6-12 keV (blue),
12-25 keV (red), 25-50 keV (yellow), and 50-100 keV (black) energy bands are
overplotted in selected panels. The contour levels are 30%, 50%, 70%, and 95% of

the corresponding peak fluxes.
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Figure 3.19: Representative AIA 131 A direct (panels (a)—(d)) and running dif-
ference (panels (e)—(f)) images showing the hot channel eruption during the X1.0
flare. White arrows in panels (b)—(d) and pink arrow in panel (e) indicate the
erupting the hot channel. In panel (f), the erupting hot channel has been outlined
by a pink dashed curve. Co-temporal RHESSI contours of 6-12 keV (blue), 12-25
keV (red), and 25-50 keV (orange) energy bands are overplotted in panels (b)—(d).
Contour levels are 50%, 70%, and 95% of the corresponding peak fluxes.

Onset of the impulsive phase of the X1.0 flare occurred at ~01:53 UT (Figure
3.15(a)) when the slowly rising hot channel experienced a complete eruption (Fig-
ure 3.20(b)). Eruptive expansion of the hot channel led to the formation of post-

reconnection arcade began underneath it, as explained in the CSHKP model. Co-
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temporal RHESSI images suggested intense HXR emission up to &~50 keV energies
from the apex of the post-reconnection arcade (Figures 3.18(e)—(h)). The impul-
sive phase of the X1.0 flare was further characterized by strong footpoint HXR
sources up to ~100 keV energies (Figure 3.18(f)—(h)). As the hot channel moved
into higher coronal heights, its brightness steadily decreased and it slowly became
indistinct in direct imaging after ~01:56 UT (the erupting hot channel is indicated
by red arrows in Figures 3.18(e)—(f)). However, we could track the erupting hot
channel in ATA 131 A running difference images till ~01:57 UT (indicated by the
pink arrow and pink dashed curve in Figures 3.19(e)—(f)), respectively). The flare
moved into the gradual phase after ~02:02 UT. During this phase, the post-flare
arcade slowly increased in height and continued to emit hot, intense diffused emis-
sion (Figures 3.18(i)—(1)). RHESSI sources of energies up to 25 keV were observed
from the top of the post-flare arcade (Figure 3.18(j)).

The time-slice diagram (Figure 3.20(b)) suggests that after undergoing a slow
expansion during the precursor phase, the hot channel exhibited fast eruption with
a linear speed of ~183 km s~! during the impulsive phase. The eruption of the
hot channel resulted in a halo CME which was captured in the LASCO C2 and C3
coronagraph observations (Figure 3.21). The CME was first detected by LASCO
C2 at 02:24 UTH! when the leading edge of the CME reached a coronal height of
~3.82 Ry. LASCO C3 observed the CME until 07:30 UT at ~22.91 R,. Within
the field of view (FOV) of LASCO, the CME was propagating toward the position

1

angle 296° with a linear speed of ~695 km s™" and a slow deceleration of 12.1 m

s72.

3.3.3 RHESSI spectroscopy

To understand the HXR spectral evolution of the X1.0 flare during the impulsive
phase, we carried out RHESSI spectroscopic analysis. For the purpose, we used
energy bins of % keV from 6 to 15 keV, 1 keV from 15 to 100 keV, and 5 keV from
100 to 300 keV energies. At the start of the impulsive phase of the X1.0 flare, the
attenuator of RHESSI was set at A1 (i.e., thin shutter; Figure 3.16(b)). At ~01:56

Blhttps://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2013_10/yht/20131028.022405.
w360h.v0695.p296g . yht
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Figure 3.20: Panel (a): An AIA 94 A image of NOAA 11875 during the precur-
sor phase showing a straight line along which time-slice diagram was constructed.
Panel (b): Time-slice diagram showing two phase acceleration of the erupting hot
channel along the slit indicated in panel (a). ‘S;” and ‘Sy’ in panels (a) and (b)
indicate the orientation of the slit in the time-slice diagram. The hot channel
was found to be slowly elevating during the precursor phase of the flare (=01:37
UT-01:53 UT) with a linear speed of ~14 km s™'. Afterwards, the flare entered
into the impulsive phase (see Figure 3.15(a)) during which the hot channel under-
went eruption with a linear speed of ~183 km s~!. Notably, the hot channel was
subjected to a transition phase during ~01:52 UT- 01:54 UT (indicated by the
vertical blue dotted lines in panel (b)) when it moved continuously from the state

of slow rise to eruptive expansion with a rapid acceleration of ~1.41 km s~2.
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Figure 3.21: Running differ-
ence images obtained from
LASCO C2 (panels (a), (b))
and C3 (panels (c), (d))
showing the propagation of
the halo CME originated
during the X1.0 flare from
NOAA 11875. The linear
speed of the CME calculated
within the LASCO field of
view is 695 km s~

UT, the attenuator state was changes to A3 (i.e., both thin and thick shutters)
and remained so until ~02:09 UT except two short intervals of ~1 minute (at
~02:00 UT and ~02:05 UT) when the attenuator state was changed to Al. After
~02:09 UT, the attenuator state was changed to Al as the flare had moved into
the gradual phase. The time intervals for spectral analysis were chosen to be 20
s. Notably, RHESSI measurements during the impulsive phase of the X1.0 flare
were contaminated by two periods of low energy radiation-belt particle events. To
restrict the spectroscopic measurements from contamination due to the particle
events, we confined our spectroscopic analysis between 01:57 and 02:01 UT. Spec-
tral fits were obtained using a forward-fitting method implemented in the idl-based
Object Spectral Executive code (OSPEX; Schwartz et al., 2002). For creating the
spectrum, we used the combined RHESSI front detectors 1-9 excluding 2 and
7 (see Smith et al., 2002; Holman et al., 2011). Two fitting models were used:
line emission from an isothermal plasma and thick-target bremsstrahlung from
non-thermal electrons interacting with the chromosphere (Holman et al., 2003).
From these fits, we derived the temperature (T) and emission measure (EM) of
the hot flaring plasma, as well as the non-thermal electron spectral index (§) for
the non-thermal component and break energy (Eg) between the thermal and the
non-thermal components.

In Figure 3.22, we show few spatially integrated, background-subtracted RHESSI
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Figure 3.22: Representative RHESSI X-ray spectra during the impulsive phase
of the X1.0 flare along with their respective residuals. These spectra were fitted
with a combination of an isothermal component (blue line) and a thick-target
bremsstrahlung model (green line). The red lines indicate the sum of the two
components. The energy range chosen for fitting is [12-295] keV. The notations
used in different panels are as follows: T: temperature obtained from the isother-
mal component, EM: emission measure, d: power law index for the non-thermal
fitting, Ep: break energy separating thermal energy from non-thermal energy, y*:
goodness of the fitting.

spectra along with their respective fits and residuals for three selected intervals.
We find that both temperature and emission measure increased during the impul-
sive phase and reached at ~28 MK and ~5x10*® cm™3, respectively, at the peak
phase. At this time, as expected, with the evolution of the flare during the impul-
sive phase, the low energy cut-off (i.e., break energy Eg) increased progressively
up to ~25 keV. During the impulsive rise and peak of hard X-ray flux (Figures
3.22(c) and (e)), the hardness of non-thermal component increased highly with
spectral index () ~3.4.
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Figure 3.23: Dynamic radio spectrum recorded by the HiRAS spectrograph on
2013 October 28 from 01:35 UT- 02:20 UT within the frequency range 50-500
MHz, showing many discrete type III bursts between ~01:37 UT-01:55 UT, a
split-band harmonic of type II burst between ~01:58 UT—-02:04 UT and a faint
type IV spectra during ~02:05 UT-02:14 UT. For reference, we have overplotted
GOES SXR flux variation in the 1-8 A range by the white curve.

3.3.4 Dynamic radio spectrum

The impulsive phase of the X1.0 flare exhibited a spectacular display of different
types of radio structures in the dynamic spectra (Figure 3.23). A series of type I11
bursts were recorded by HiRAS during ~01:37 UT-01:55 UT followed by a split-
band type II burst. Since, the AR was situated at the limb, it is likely that the
observed split-band of type II was the harmonic as the fundamental part of type
IT bursts originated near solar limbs get severely attenuated (Gopalswamy, 2013).
A brief brightening was recorded at ~01:58 UT within frequency range ~210—
400 MHz. Observation within the frequency range ~200-210 MHz was rejected
throughout the interval by HiRAS. The type II burst was very clear between
~(02:00 UT-02:04 UT within the frequency range ~75-180 MHz. However, from
the apparent drift of the type II bands and dynamics of the erupting hot channel,
it can be understood that the brief brightening within frequency range ~210-400
MHz was an early extension of the type II. The type II burst was followed by a
faint dynamic type IV signatures between ~02:05 UT and 02:14 UT within the
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frequency range ~70-180 MHz.

3.4 Discussion

In this work, we carried out a multi-wavelength analysis of different evolutionary
phases of an X1.0 flare associated with the activation and eruption of a hot chan-
nel from NOAA 11875, with an aim to provide a detailed understanding of the
activities during the pre-flare phase, a relatively less studied and ill-understood
aspect of the overall flare evolution.

We thoroughly studied the prolonged pre-flare phase of a duration of ~52 min
(~00:45 UT— ~01:37 UT; Figure 3.16), which was characterized by two distinct
SXR peaks, P1 and P2, occurred ~38 min and ~7 min, respectively, prior to
the onset of the main flare. Comparison of GOES time profiles with AIA EUV
images confirmed that both the pre-flare events occurred from two spatially well-
separated locations within the AR (Figure 3.15). While the location of the first
pre-flare event (i.e., P1) was adjacent to one leg of the hot channel, the second
pre-flare event (i.e., P2) occurred from a remote location suggesting it to belong
to the category of the distinct pre-flare activities (Farnik et al., 1996).

Here it is also noteworthy that, while the location of P2 was associated with
EUV brightening during the pre-flare event P2 only, the location of P1 underwent
continuous EUV brightening throughout the pre-flare phase and even during the
later precursor and impulsive phases of the flare. Further, the location of the pre-
flare event ‘P1’ was associated with consistent EUV brightening along with thermal
X-ray sources (Figure 3.17) suggesting continuous small-scale reconnection events
in a localized region. The proximity of the location of ‘P;’ to the location of the
hot channel signifies that the continuous reconnection activities from this location
most likely resulted into the complete destabilization and eruption of the hot chan-
nel (i.e., the pre-existing flux rope). In this way, our results can be interpreted in
the light of multiple pre-flare events prior to a major flare of X-class analyzed by
Joshi et al. (2013). Their work revealed that the activities during the pre-eruption
phase were characterized by three localized episodes of energy release occurring in

the vicinity of a filament that produced intense heating along with non-thermal
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emission. Based on these observations, Joshi et al. (2013) concluded that localized
magnetic reconnections beneath the flux rope in the pre-eruption phase played
an important role in destabilizing the filament through the tether-cutting process.
From the spatial and temporal characteristics of pre-flare activities occurring at
the location P1, we conclude that continuous, small-scale reconnection events in
the vicinity of the northern leg of the hot channel would result in restructuring of
the magnetic field configuration in a localized region besides reducing the magnetic
flux near one of the footpoints of the magnetic flux rope. This process would pro-
gressively lead toward establishing the conditions favorable for the destabilization
of the flux rope and subsequent large-scale eruption.

An important objective of this study lies in the detection of a pre-existing sta-
ble, hot EUV channel. The hot channel was in stable condition for at least ~67 min
before it was activated during the precursor phase (Figure 3.14(d)). Contemporary
studies have established that hot coronal channels are one of the observational ev-
idences of flux ropes (see e.g., Chen, 2011; Cheng et al., 2014a; Song et al., 2015b;
Joshi et al., 2017a, 2018; Mitra et al., 2018). Notably, observations showing prior
formation of flux ropes that remain stable during the pre-eruption phase are still
uncommon with availability of only a few such reported incidences (Cheng et al.,
2014a; Song et al., 2015¢). The exact topology and formation process of flux ropes
are still unclear and debatable. According to the mechanism proposed by van Bal-
legooijen & Martens (1989), flux cancellation through the photospheric converging
and shearing motions leads into the formation of flux rope which has been sub-
sequently supported by the numerical studies by Amari et al. (1999, 2000) where
the twisted flux rope remains stable for a period before erupting. Many studies
have also recommended the in-situ formation of flux ropes in the corona by mag-
netic reconnection, i.e., the flux rope builds up with the initiation of the flare itself
(Cheng et al., 2011; Song et al., 2014; Chintzoglou et al., 2015; Wang et al., 2017a).
Another class of model suggests that flux ropes are generated in the convection
zone of the Sun and then emerges into the solar atmosphere by buoyancy (Cali-
gari et al., 1995; Fan, 2001; Archontis et al., 2004; Martinez-Sykora et al., 2008).
With the detection of a pre-existing hot channel right from the beginning of the

studied interval and subsequent occurrence of small-scale energy release processes
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at adjacent and remote locations, our observational results support the scenario
of flux rope emergence from the convection zone. During the impulsive phase of
the X1.0 flare, the hot channel became activated and erupted resulting into a halo
CME (Figures 3.18, 3.19, and 3.21). With a high proneness towards eruption and
association with CMEs, hot channels are believed to be the earliest signatures of
CMEs (Canfield et al., 1999; Pevtsov, 2002; Gibson et al., 2004, 2006; Liu et al.,
2007, 2010; Cheng et al., 2014b; Kumar et al., 2016; Joshi et al., 2017a, 2018; Liu
et al., 2018b; Mitra et al., 2018; Hernandez-Perez et al., 2019b); our observations
are consistent with these earlier studies.

Further, the early dynamical evolution of the hot channel, characterized by

1 is of special interest. This

its slow yet steady rise with a speed of ~14 km s~
relatively brief precursor phase of =16 minutes was associated with a gradual
increase of the emission intensity from the flaring region. The temporal association
between the slow rise phase of the flux rope and the precursor flare emission can be
considered to be very important toward understanding the origin of CMEs (Zhang
et al., 2001, 2004; Zhang & Dere, 2006). The early slow rise phase essentially
marks the CME initiation in the source AR which is found to be well correlated
with the mild and consistent precursor phase emission, commonly observed as
gradually rising SXR flux (Zhang & Dere, 2006). It has been suggested that the
precursor phase activities correspond to the dynamical formation of a current sheet
underneath the flux rope that subsequently reconnects to trigger the onset of the
main phase of the eruptive flare (Zhou et al., 2016). Our analysis readily supports
this scenario as the hot channel underwent an abrupt transition from the state of
slow rise to the fast acceleration as a continuous process which precisely bifurcates
the precursor and impulsive phase of the eruptive flare (cf. Figures 3.20(b) and
3.15(a)).

We observed strong HXR sources of energies up to ~100 keV from the flaring
location during the early impulsive phase (Figure 3.18). In particular, the detection
of a very high energy HXR source at the adjacent pre-flare (i.e., P;) location
(Figures 3.18(d), 3.17) is of high significance and rather surprising, since pre-flare
activities are generally observed to be associated with only thermal emissions (see

e.g., Hernandez-Perez et al., 2019b; Sahu et al., 2020). Detection of HXR source
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from pre-flare location essentially imply strong reconnection and restructuring of
the magnetic field lines. This is supported by small-scale plasma ejection from
this region (Figure 3.18).

The late impulsive phase of the X1.0 flare was characterized by a fast eruption
of the flux rope in association with strong non-thermal high energy HXR sources
(>50 keV) the footpoint location and relatively lower energy X-ray sources (< 25
keV) from the apex of the post-reconnection arcade (Figure 3.18). Notably, the 25—
50 keV HXR sources, probably containing mix of thermal and non-thermal emis-
sions, were detected from both looptop and footpoint locations (Figures 3.18(e)—
(h)). High energy HXR footpoint sources can be interpreted in terms of ‘thick
target bremsstrahlung’ model (Brown, 1971; Hudson, 1972; Syrovatskii & Shmel-
eva, 1972; Emslie, 1983), which suggests that highly accelerated electrons from
the site of magnetic reconnection in the corona are injected downward into the
transition region and the chromospheric layers along the post reconnection mag-
netic field lines with relativistic speed. The relativistic electrons collide with cool
and dense chromospheric plasma and deposit their energy with the production of
HXR footpoint sources (Korchak, 1967a,b; Cline et al., 1968; Moza et al., 1986;
Brown et al., 2002; O’Flannagain et al., 2015; Reep et al., 2016). Two basic
models of HXR flares— impulsive injection and continuous injection models differ
on the time-scale of electron acceleration. According to the impulsive injection
model proposed by Takakura & Kai (1966), electrons are accelerated in multiple
episodes of short time-scales in magnetic traps (i.e., magnetic loops). In contrast,
the continuous injection model suggests continuous acceleration of electrons in
dense chromosphere (Kundu, 1963; Acton, 1968; Kane & Anderson, 1970; Brown,
1971). In the view of multiple spikes in HXR time profiles during the impulsive
phase (Figure 3.16(b)) and multiple type III bursts observed during the build up
phase of the X1.0 flare (Figure 3.23), our analysis suggests occurrence of discrete
events of particle acceleration during the impulsive phase. The overall distribution
of low energy looptop and high energy footpoint X-ray sources, observed in our
work, is in agreement with the CSHKP model of solar eruptive flares and also
consistent with the general energy release scenario developed during the RHESSI

era (Krucker et al., 2003; Veronig et al., 2006; Joshi et al., 2007, 2013).
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The slowly evolving flux rope experienced rapid acceleration (a1.41 km s72)
increasing its eruption speed to ~183 km s~! during the onset of the impulsive
phase. The brief phase of rapid acceleration is co-temporal with the onset time of
multiple HXR bursts observed in the high energy channels (225 keV) of RHESSI
(cf. Figures 3.20, 3.18 and 3.16(b)) and a series of type III radio bursts (Figure
3.23). Type III radio bursts are produced by near-relativistic electrons propagating
along the open magnetic field lines in the corona, restructured by the magnetic
reconnection (Bastian et al., 1998; Reid & Ratcliffe, 2014; Chen et al., 2018a).
The appearance of strong looptop and footpoint HXR sources during the impulsive
phase implies rapid dissipation of magnetic energy in the current sheet as a result of
an increase in the rate of magnetic reconnection (Sui & Holman, 2003) which is also
likely to be responsible for the fast acceleration of the flux rope. While studying
full CME kinematics including the initiation and impulsive acceleration phase of
two fast halo CMEs and the associated flares, Temmer et al. (2008) found a close
synchronization between the CME acceleration profile and the flare energy release
as indicated by the RHESSI HXR flux onsets. They interpreted their results in
terms of a feedback relationship between CME dynamics and reconnection events
in the current sheet beneath the CME. Similar results were reported by many
subsequent studies (see e.g., Zhang et al., 2012; Song et al., 2015a; Joshi et al.,
2016a).

3.5 Summary and conclusion

In this chapter, we have presented two case studies of eruptive flaring activities
that were associated with pre-flare events. By these studies, we aim to extend our
understanding of pre-flare processes which form an ill-understood aspect of solar
eruptions. In particular, we explore the effects of small-scale activities toward the
development and activation of magnetic flux ropes and its subsequent large-scale
eruption. In both the events under study, the pre-flare activity occurred adjacent
to the main flaring site. In the following, we summarize the results obtained on
the basis of multi-wavelength observations and associated numerical analysis of

the two eruptive flares.
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1. Our analysis revealed that magnetic flux ropes can exist within AR for ex-
tended period in stable conditions. Small-scale reconnection activities in the
vicinity of a flux rope are observed to indirectly cause the slow-activation of
the flux rope. Further, extended periods of photospheric flux cancellation
can result in a gradual increase in the non-potential energy in flux ropes
which eventually lead to the activation of it. During the course of the acti-
vation, temperature of flux ropes slowly increases and they begin to emit in
the hot EUV channels e.g., ATA 94, 131 A ete. Such activated, coherent flux
rope structures have been recognized as ‘coronal hot channel’ (Zhang et al.,
2012; Cheng et al., 2013). Detection of coronal hot channels can therefore

be interpreted as the earliest signatures of a CME in the source region.

2. The present works have also provided significant information on the origin
of pre-flare activities. We found that small-scale reconnection activities are
initiated from regions exhibiting strong photospheric longitudinal currents of
opposite polarities within close proximity. Zhang (1995) noted that strong
photospheric currents can be generated in the regions of highly sheared mag-
netic field. Notably, the longitudinal electric current density at the precursor
location decreased significantly with the onset of magnetic reconnection, sug-
gesting rapid dissipation of stored non-potential energy of the region which

would, in turn, reduce the shear of the magnetic field.

3. Our study have provided significant clarity on the understanding of the pro-
cesses of the triggering of flux ropes by adjacent/overlapping pre-flare ac-
tivities. Precursor reconnection activity occurring away from activated flux
ropes can induce a series of small-scale activities which can eventually lead
to the destabilization of the flux rope, which is analogous to the ‘domino

effect” (Zuccarello, F. et al., 2009).

4. We would like to emphasize on the detection of the HXR sources of energies
up to ~100 keV from the precursor location (Figure 3.18). Detection of
strong non-thermal emission from the precursor location is conspicuous. Our
finding, therefore, suggests that occasionally pre-flare activities also cause

brief yet significant episodes of particle acceleration.
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Chapter 4

Quasi-circular Ribbon Flares and
Aspects of 3D Magnetic

Reconnection

4.1 Introduction

Traditionally, solar eruptive flares have been observed to be associated with a pair
of ribbon-like brightenings identified in chromospheric Ha images, situated on
the opposite sides of the polarity inversion line (PIL). According to the CSHKP
model (Carmichael, 1964; Sturrock, 1966; Hirayama, 1974; Kopp & Pneuman,
1976), magnetic reconnection along a vertical current sheet beneath an erupting
prominence is primarily responsible for the ribbon-like emission. During recon-
nection, a part of the released energy results in accelerating electrons. The highly
accelerated electrons are then projected with almost relativistic speeds along the
post-reconnection magnetic loops toward the lower, denser chromospheric layer
of the Sun along the reconnected field lines (Shibata & Magara, 2011). The ac-
celerated electrons collide with the dense chromospheric plasma giving rise to a
pair of hard X-ray (HXR) sources at the footpoints of the post-reconnection loops
(Musset et al., 2015; Joshi et al., 2017a). In addition to the HXR emission, ther-
mal conduction causes a sudden increase of chromospheric plasma temperature
at the footpoints of the post-reconnection arcade, resulting in a pair of ribbon

like brightening which can be observed in Extreme Ultra-violet (EUV) and op-
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11:40:44

Figure 4.1: Characteristic evo-
lution of parallel-ribbon flare in
EUV. The top panel shows set of
flare ribbons observed in chromo-
spheric temperatures. The bot-
tom panel shows a highly struc-
tured loop arcade, i.e., post re-
connection arcade, connecting the
two ribbons. Figure is adopted
from Cheng & Qiu (2016).

12:29:36

tical wavelengths (top panel of Figure 4.1). As the flare progresses, the coronal
loop arcade connecting the conjugate flare ribbons are gradually filled with hot
chromospheric material via the process of chormospheric evaporation (see Fletcher
et al., 2011). This results in intense thermal radiation from the post-reconnection
arcade observable in the Soft X-ray (SXR) and EUV wavelengths (bottom panel
of Figure 4.1).

The pre-flare configuration of such two-ribbon flares usually involve bipolar
photospheric regions consisting of sheared and twisted coronal magnetic field as
explained in Figure 4.2. In a bipolar magnetic configuration, shear in the coronal
magnetic field build up stored in response to photospheric motion that include
shearing motion, rotational motion etc. (Zhang, 1995). Shear in the magnetic
field can naturally lead to the formation of small-scale current sheets in the system.
According to the three dimensional standard flare model (Aulanier et al., 2012,
2013; Janvier et al., 2013, 2014), reconnection at these small-scale current sheets is
responsible for the development of a flux rope from the sheared arcade. During the
course of the flare, the formed flux rope is erupted and the inner legs of the sheared
field lines which surround the erupting flux tube eventually reconnect beneath it

forming near-potential post-flare loop-arcade (Aulanier et al., 2012). A simple
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Figure 4.2: Overall picture for an eruptive two-ribbon flare. Top: Key observa-
tional features of two-ribbon eruptive flares and their spatial coupling. Bottom:
Magnetic configuration showing the initial rise of a sheared arcade due to nonequi-
librium (left) and the onset of reconnection below the rising flux tube (right).
Figure is adopted from Priest & Forbes (2002).

cartoon showing the initial sheared magnetic field and post-reconnection potential
magnetic loop system is shown in the bottom panel of Figure 4.2.
Morphologically, a completely different category of flares is circular (or quasi-
circular) ribbon flares (Masson et al., 2009) which are identified by a single, closed
circular/quasi-circular/elliptical-shaped flare ribbon (see Figure 4.3). Such flares
usually occur from the ‘anemone’-type ARs which are characterized on the photo-
sphere by a compact magnetic region surrounded by magnetic regions of opposite
polarity (Shibata et al., 1994). The coronal configuration of such ARs involve
fan-spine configurations in 3D null-point topology (Lau & Finn, 1990; Sun et al.,

2013). In Section 4.1.1, we discuss different aspects of a typical coronal fan-spine
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Figure 4.3: Top panel: A circular
ribbon flare observed in TRACE
(Handy et al., 1999) 1600 A pass-
band. Bottom panel: Associa-
tion of the circular ribbon with
photospheric magnetogram. Fig-
ure is adopted from Masson et al.
(2009).

configuration in a null point topology. Notably, coronal null points belong to a spe-
cial set of three-dimensional topological features present in the solar corona. We
provide a brief introduction of the general three-dimensional topological features
of solar corona in Section 4.1.2.

In the recent years, with the advancements of observational facilities and nu-
merical techniques, a number of intriguing flaring activities have been reported
that involved both the circular and parallel ribbons where the parallel ribbons
reside within the periphery of the circular ribbon (e.g., Joshi et al., 2015, 2017b;
Hernandez-Perez et al., 2017; Li et al., 2017; Xu et al., 2017; Li et al., 2018a,b;
Hou et al., 2019; Shen et al., 2019). Such events usually develop as a small flux
rope erupts within a fan-dome structure which then triggers reconnection at the
null-point. We discuss different evolutionary aspects of typical flares associated
with both circular and parallel ribbons in Section 4.1.3.

The quasi-circular ribbon flares sometimes occur successively at the same loca-
tion of an AR. Such events are classically included in the category of homologous
flares. In Section 4.2, we present a detailed study of four homologous quasi-circular
ribbon flares in NOAA 11977. We perform a comprehensive analysis on coronal
magnetic field modeling to address the cause of flare initiations and understand

various 3D topological features associated with these complex events.
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Figure 4.4: Schematic depictions
of the magnetic configuration as-
sociated with a simplest (poten-
tial) positive null point. Two
spine field lines directed toward
the null (white circle) appear as
dark lines with arrow heads next
to the null. The central portion of
the horizontal fan surface is col-
ored grey, and contains fan field
lines directed outward like spokes
on a wheel. Dashed lines show
a few of the field lines on either
side of the fan surface. Figure is
spine adopted from Longcope (2005).

4.1.1 Configuration of a typical null-point topology in a

spine-fan configuration

Coronal null-points are locations in the solar corona, where the strengths of all the
three components of magnetic field become locally zero (see review by Longcope,
2005). Magnetic field beyond the immediate neighborhood of the null-point is
characterized by a spine line and a fan surface. Depending on the sign of the null-
point (positive or negative), magnetic field lines approach the null-point along the
spine line and move away from it along the fan surface (for positive null; see Figure
4.4); or, approach the null along the fan surface and recede from it along the spine
line (negative null).

In the context of such 3D null-point configurations generating fan and spine
lines, the anemone-type ARs where a compact magnetic region is surrounded by
magnetic regions of opposite polarity (see, Shibata et al., 1994) are of special
significance (Figure 4.5(a)). The inner compact region is connected with the sur-
rounding opposite polarity region by small-scale closed magnetic loops (shown by
the yellow colored field lines in Figure 4.5(b)—(d)) while a set of relatively large
field lines connect the surrounding polarity to a remote region of polarity similar
to that of the inner compact region (shown by the red colored field lines in Fig-

ure 4.5(b)—(d)). In this way, the two sets of field lines constitute two sets of fan
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Figure 4.5: Photospheric configuration of an anemone type active region. The
central positive polarity and the surrounding negative polarity regions are repre-
sented by the green and white ellipse, respectively. The remote positive polarity
region is enclosed by the yellow ellipse. Figure is adopted from Joshi et al. (2021).

lines (inner and outer fan lines) and two sets of spine lines (inner and outer spine
lines). The two sets of fan lines are separated by a dome-shaped surface (i.e., fan
separatrix; Figure 4.6) characterized by high degree of squashing factor (Q; see,
Priest & Démoulin, 1995; Titov et al., 2002), which intersects the spine lines at
the null-point (Sun et al., 2013). The location of the null-point is highlighted by
the cyan-colored iso-surface in Figure 4.5(d).

The distribution of magnetic decay index within the fan-dome is particularly
interesting. Since, a null point resides on the fan dome, it is expected that magnetic
field below it will experience a rapid decay. Therefore, magnetic decay index
reaches the value n > 1.5 within relatively short height in a region encompassed by
the fan-spine configuration. In Figure 4.6, the yellow-colored iso-surface encloses

the region of torus instability i.e., n > 1.5 which suggests that the region of
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Figure 4.6: Fan separatrix surface of a fan-spine configuration associated with 3D
null-point and distribution of decay index within the fan-dome. The yellow colored
iso-surface encloses a region characterized by magnetic decay index n > 1.5. The
fan separatrix (shown by the blue colored surface) between the outer fan lines
(shown by the green colored field lines) and inner field lines (not shown in order
to the simplicity of visualization) is characterized by log(Q) = 5. The location of
the null point is indicated by the red colored iso-surface which is situated at the
intersection of the spine lines and the fan separatrix. Figure is adopted from Joshi
et al. (2021).

high decay index within a fan dome resides just beneath its top part, having an

intersection with the null point.

4.1.2 Coronal three dimensional topological features

Coronal null points, being defined as a point where strength of all the three compo-
nents of magnetic field is zero, creates a local discontinuity in the solar corona. In
general, domains corresponding to drastic changes in the magnetic field connectiv-
ity gradient are identified as quasi-separatrix layers (QSLs; see e.g., Janvier et al.,
2013). While the values of @) corresponding to QSLs are high (>>2; see, Aulanier
et al., 2005), null-points can be characterised by () — oo. The finite values of @ at
the QSLs imply that although magnetic fields show drastic change in the connec-
tivity they are still continuous, which is contrary to the cases of null-points where
magnetic field becomes discontinuous. In complex photospheric configurations,
e.g., those formed by two bipolar sunspots, a pair of photospheric null-points of
opposite signs may exist which are connected by ‘separators’ (Titov et al., 2002).
A separator can be identified by narrow elongated strips of high Q-values, i.e., a

QSL, with a pair of null-points at both of its ends. Further, a generalisation of the
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concept of separator lines reveals a special geometrical feature called ‘Hyperbolic
Flux Tubes’ (HFTSs; Titov et al., 2002) which can be understood as the intersec-
tion of two QSLs. The middle of an HF'T is characterized by ‘X’-type cross section
comprised of high @-values. Such structures of high @)-values are preferred sites
for the formation of current sheets and initiation of magnetic reconnection (Titov
et al., 2003). Moreover, magnetic field lines can constantly change their connec-
tivities along the QSLs as a consequence of local diffusion in the region, allowing
neighboring field lines to exchange connectivities (Aulanier et al., 2006). This can
be observed as an apparent slipping or flipping motion of loop connectivities and
are termed as ‘slipping reconnection’ (see e.g., Priest & Démoulin, 1995; Aulanier

et al., 2006; Janvier et al., 2013).

4.1.3 Evolutionary aspects of typical circular-ribbon flares

associated with parallel ribbons

The key ingredients of a typical flare coupling circular and parallel ribbons are
schematically given in Figure 4.7, which is adopted from Sun et al. (2013). A flux
rope (shown by the pink lines) is situated along a sheared PIL between opposite
polarity regions of the anemone type AR formed as the negative polarity region
N1 is surrounded by positive polarity regions highlighted by P1 and P2. Here,
a single null point exists in the domain above the N1 (indicated by an arrow in
Figure 4.7(a)), through which a spine field line (shown by red lines) links N1 and a
second negative polarity region N2. The presence of N2 enables the overall coronal
configuration to be a closed-fan-spine configuration where the yellow-colored lines
form the fan lines and red-colored line form the spine line. Notably, the null
point is situated at the intersection between the fan and spine lines. Absence of
the N2 region would result in the outer spine line being open i.e., open-fan-spine
configuration. The fan separatrix divides the domain into two flux systems; it
intersects the lower boundary to form a quasi-circular footprint.

Analysis of the degree of squashing factor (Q; Demoulin et al., 1996; Titov
et al., 2002) provides an excellent representation of the footprints of the fan-spine
configuration (Figure 4.7(b)). High-@ regions i.e., QSLs readily include the circular

footprint of the fan dome, relatively localized high-@) footprints of the inner and
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QOuter spine

Inner spine

Circular ribbons

Figure 4.7: Panel (a): Magnetic skeleton of a model fan-spine configuration. Four
flux patches exist at the lower boundary (P1/N1 and P2/N2, P for positive, N
for negative). A flux rope (pink) resides above the P1/N1 polarity inversion line
(PIL). The domain contains a null point above N1. The spine (red) and the fan
(yellow) are marked. Panel (b): Logarithm squashing degree @) on the plane z = 3.
Red and yellow delineate the quasi-separatrix layer (QSL) footprint. Dotted lines
are contours of the normal magnetic field; gray solid lines are the PILs. Panel
(c): Two-dimensional representation of the magnetic system illustrating possible
physical processes pertinent to typical circular ribbon flares. Field lines undergo
slipping-type reconnection within the fan QSL (yellow). At the null, blue field
lines undergo breakout-type reconnection (inset). Energized particles or intense
heat flux propagate along the fan and spine QSLs, resulting in circular ribbon and
remote chromospheric brightening. The flux rope may eventually erupt and open
the fan. Post-reconnection loops of various configurations (A1, A2, and A3) may
form. Figure is adopted from Sun et al. (2013).

outer spine, and an S (or inverse S)-shaped pattern due to the left (or right)-hand
twisted flux rope Savcheva et al. (2012).

In most of the reported cases, activation and eruption of the flux rope occurs
in association with standard flare reconnection giving rise to the parallel flare rib-
bons. Considering the PIL corresponding to the flux rope is highly sheared and
flux emergence is primarily responsible in the formation of anemone type AR, the
triggering of flux rope usually takes place in response to tether-cutting reconnec-
tion. Further, since magnetic field rapidly decays within the fan dome, initially
triggered flux rope easily enters the region of torus instability which further sup-
ports the eruption of the flux rope. The erupting flux rope then triggers magnetic
reconnection at the coronal null point causing the circular ribbon brightening. In
Figure 4.8, a typical circular flare ribbon associated with parallel ribbons in shown.

In this context it is worth mentioning that, in rare cases it has also been observed
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SDO/AIA 304 A 17-Dec-2014 04:30:07 UT
Parallel Ribbons

Figure 4.8: An AIA 304
. A image showing a cir-
Circular Ribbon ' cular flare ribbon associ-
ated with parallel and re-
mote ribbons. Figure is
adopted from Joshi et al.
(2021).

that null-point is triggered first which eventually leads to the eruption of the flux
rope (see e.g., Joshi et al., 2021).

The null-point reconnection itself is a complex, multi-stage mechanism which
initially includes slipping reconnection at the quasi-separatrix surface at the fan-
dome giving rise to the circular or quasi-circular ribbon and during the subsequent
stage, interchange reconnection takes place between the inner close fan lines and
the outer open spine lines causing the remote brightening (Figure 4.8; see also
Masson et al., 2009). In response to the interchange reconnection at the coronal
null-point, collimated ejection of plasma i.e., coronal jets or Ha-surges have been
identified in several studies (Pariat et al., 2009a, 2010).

Since, the null-point is situated well above the core field, the null-point recon-
nection is analogous to the breakout type reconnection (Antiochos et al., 1999).
Reconnection at the null point enables the flux systems below and above the fan
to interact. In the model shown in Figure 4.7, the blue field lines reconnect and
become the green ones (inset of Figure 4.7(c)). Following the null-point reconnec-
tion, part of the P1 flux that originally linked to N1 above the flux rope maps to
N2 (Sun et al., 2013). Simultaneously, part of the P2 flux now changes its linking

from N2 to N1. As a result, flare emission from the remote region (N1) is observed.
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Table 4.1: Summary of the homologous, quasi-circular flares occurred on 2014
February 16

Flare Location Flare timing (UT) GOES Remarks
Id. Start/ Peak/ End  class
F;  S10E00 09:20/09:26/ 09:29  M1.1 Observation of quasi-circular rib-
bon

Fy,  S10WO01 13:48/14:00/14:05  C3.4 Observation of shortened quasi-
circular ribbon

Fs  S10W03 17:35/17:38/17:40  C1.2 Observation of arc-shaped ribbon

F, S10W04 19:20/19:23/19:28  C1.7 Observation of arc-shaped ribbon

4.2 Homologous quasi-circular ribbon flares in

NOAA 11977

The four homologous quasi-circular ribbon flares reported in this chapter, origi-
nated on 16 February 2014 within an interval of ~11 hours from a complex mag-
netic configuration within NOAA 11977. Interestingly, all the four flares were
relatively less energetic, as only the first flare was of low GOES M-class while
the rest three flares were of C-class category. A summary of the four flares is
presented in Table 4.1. In Section 4.2.1, we provide a comprehensive overview of
the structure and evolution of NOAA 11977 and discuss the evolution of the four

homologous flares in Section 4.2.2.

4.2.1 NOAA 11977: structure and evolution

The AR under observation, NOAA 11977 was first detected on 2014 February 11
when it appeared on the eastern limb of the Sun as a simple a-type AR. Initially
it evolved quickly and transformed successively into more complex 5 and Svy-type
by 2014 February 14. Interestingly, although it maintained its Svy-type magnetic
complexity for the next four days, the sunspot-area of the AR started to decay
from the next day i.e., 2014 February 15. The most important aspect of this AR,
in view of the present study developed on 2014 February 16 in the form of an
intriguing, complex bipolar configuration which formed in the westernmost part
of the AR. Notably, once developed, this region, after producing one M and three
C-class flares on 2014 February 16 within an interval of ~11 (see Table 4.1) de-

cayed completely by the end of the day. The magnetic complexity of the overall
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Figure 4.9: The morphology of the active region NOAA 11977 on the photosphere
(panels (a) and (b)) and different coronal temperatures (panels (c¢) and (d)). The
flaring activity occurred from the region shown within the white box in panels

(b)~(d).

decaying AR reduced gradually to S-type on 2014 February 19 and further to the
simplest a-type on 2014 February 23, few hours before its disappearance over the

western limb of the Sun.

Photospheric and coronal configurations

We compare the photospheric and corresponding coronal structures of NOAA
11977 in Figure 4.9. We readily observe that, the AR was comprised of a few
prominent sunspots along with many pores (Figure 4.9(a)). Further, a compari-
son of the co-temporal magnetogram (Figure 4.9(b)) with the white light image
(Figure 4.9(a)) distinctly reveals that the overall sunspot groups of the AR can
be easily grouped in two subregions: the positive polarity leading sunspot group
and the negative polarity trailing sunspot group (shown by the dashed and dotted
boxes in Figure 4.9(a), respectively). In general, the leading part of the AR was
mostly dominated by positive polarity while the trailing part of the AR was con-

sisted of mainly dispersed negative polarity magnetic field regions. However, the
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most interesting aspect of the AR, in the context of the present analysis, developed
in the extreme western part of it where magnetic patches of positive and negative
polarities formed a complex magnetic configuration similar to a geological ‘atoll’
(within the white box in Figure 4.9(b)). AIA images suggest that the AR, on the
whole, consisted of different sets of coronal loops of varying spatial extents and
projected heights. In Figures 4.9(c) and (d), we identify and indicate some of these
loops by arrows of different colors (white, green, and red).

Notably, the coronal structures over the photospheric atoll region (outlined by
the white boxes in Figures 4.9(c) and (d)) were clearly distinguishable from the
rest of the AR in view of its peculiar morphology. The EUV images of the par-
ticular region clearly revealed enhanced structured oval-shaped brightening within
a sharp boundary. All the four events of 2014 February 16 occurred within this

region.

Formation of the ‘magnetic atoll’ region

In order to achieve a comprehensive understanding of the formation and develop-
ment of the magnetic atoll region, we looked into a series of LOS magnetogram
(Figures 4.10(a)—(f)) corresponding to the photospheric region (shown within the
white box in Figure 4.9(b)). Considering the diffused brightening region to be in-
trinsically related with the magnetic atoll region, we further observed co-temporal
ATA 304 A images of the same region (Figures 4.10(g)—(1)). Our observations
revealed that the development of the atoll region began from the late hours of
2014 February 15 when a few small negative polarity flux regions emerged at the
western side of the leading sunspot (the emerging negative polarity regions are
indicated by the yellow arrows in Figure 4.10(a)). Emergence of negative polarity
magnetic flux kept continued in this region and by the first hour of 2014 February
16, a relatively large magnetic patch of negative polarity was developed. We have
indicated the relatively large negative polarity patch by the blue arrow in Figure
4.10(c). Co-temporal ATA 304 A images suggest that the distinct oval-shaped re-
gion displaying enhanced-diffused brightening started to build-up from around this
time onward (cf. Figures 4.10(i) and (c)). Gradually, as emergence of negative flux

continued, the diffused EUV emission from the region became more prominent and
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its boundary extended spatially (cf. Figures 4.10(i)—(1)). Notably, along with the
emergence of negative flux patches, the atoll region also experienced emergence
of positive flux which surrounded the negative polarity patches in the south-west
direction (cf. the regions indicated by the pink arrows in Figures 4.10(c) and (f)).
In general, the atoll region can be characterized by newly emerged and spatially
dispersed prominent patches of negative magnetic flux surrounded by positive po-
larity regions from two sides i.e., northeast (by the positive polarity sunspot) and
southwest (by the dispersed positive polarity patches). Apart from the emerging
magnetic features, we also identified several instances of flux cancellation within
the magnetic atoll region, a few events of such instances of flux changes are indi-
cated by blue, red, and green arrows in Figures 4.10(c)—(f). Notably, ATIA 304 A
images suggests the formation of a filament channel during the early hours of 2014
February 16 along the north-eastern boundary of the diffused brightening region
(indicated by the green arrow in Figure 4.10(j)). Comparison of AIA 304 A im-
ages with co-temporal LOS HMI magnetograms reveal that the filament channel
was situated along the PIL between the positive polarity sunspot and dispersed

negative polarity patches of the magnetic atoll region.

4.2.2 Four successive flares from the magnetic atoll region

Four successive quasi-circular ribbon flare originated from the magnetic atoll region
on 2014 February 16 within an interval of ~11 hours. In Figure 4.11(a), we plot
SXR flux in the GOES 1-8 A channel along with EUV intensities of ATA 94
and 304 A channels from 2014 February 16 00:00 UT-20:00 UT which displays
the onset and temporal evolutions of the four flares (a summary of the temporal
evolution of the four events are presented in Table 4.1). The general agreement of
the multi-wavelength lightcurves suggest that the onset of the first flare originating
from the atoll region initiated at ~09:20 UT. Following a brief rise phase of =6
minutes, this short lived flare of GOES class M1.1 reached to its peak at ~09:26
UT. Interestingly, the second flare, having a lower GOES class (C3.4) than the
first flare of GOES class M1.1, had a longer rise phase than the first flare. After
its initiation at ~13:48 UT, the GOES C3.4 flare reached its peak intensity after a

relatively extended rise phase of ~12 minutes. The last two flares originating from
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Figure 4.10: Series of HMI LOS magnetograms showing the development of the

magnetic ‘atoll’ region (panels (a)—(f)).

Arrows of different color indicate few

prominent locations of negative magnetic flux emergence. Panels (g)—(1) are AIA
304 A images associated with the magnetic atoll region displaying the formation
of the diffused circular brightening region. All the images are derotated to 2014
February 16 09:20 UT.
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this region were rather impulsive and short lived. According to the GOES 1-8 A
flux profile, these C-class flares originated at ~17:35 UT and 19:20 UT while their
impulsive phases lasted for only ~3 minutes each. In Figure 4.11(a), we indicate
the durations of the four flares by gray-shaded intervals and assign the notations
‘Fi’, ‘Fy’, ‘F3’” and ‘F,4’ to the flares in the chronological order.

To understand the extent of the ribbon-brightenings during the four flares, we
plot ATA 94 (Figures 4.11(b)—(e))and 304 A (Figures 4.11(f)—(i)) images of the
diffused brightening region during the peak phases of the flares. These multi-
wavelength EUV images revealed that, all the four flares were characterized by
some degree of ribbon-like brightening along the circumference of the diffused
brightening region. Quite prominent signatures of an extended quasi-circular rib-
bon brightening were observed during F;, which we have delineated by the red
dotted curve in Figure 4.11(b) and the green arrows in Figure 4.11(f). The quasi-
circular ribbon brightening significantly shortened during Fs,, which was primarily
situated along the western boundary of the diffused brightening region (indicated
by the red dotted curve in Figure 4.11(c) and the green arrows in Figure 4.11(g)).
The shortening of the circular ribbon during Fy was possibly a result of the decay
of the magnetic atoll region. During F'3 and Fy, the flare ribbons further shortened
and only a small portion of the western boundary of the diffused brightening region
displayed enhanced emission. We have indicated this arc-shaped flare brighten-
ing by the yellow arrows in Figures 4.11(d)—(e) and the green arrows in Figures
4.11(h)—(i).

To understand the spatial connection of the quasi-circular ribbons with the
magnetic atoll region, we have further plotted the pre-flare HMI LOS magne-
tograms corresponding to all the four flares in Figures 4.11(j)—(m), respectively.
From the co-temporal ATA 304 A contours plotted over the LOS magnetograms,
it becomes clear that the quasi-circular ribbon brightening during the F; flare
was co-spatial with the positive polarity flux regions situated at the boundary
of the photospheric atoll region. As the ribbon-brightening shortened during the
subsequent flares, they primarily extended along the northern part of the positive
polarity region situated at the western boundary of the atoll region, while the main

flare kernels connected the positive polarity sunspot with the negative polarity re-
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Figure 4.11: Panel (a): GOES 1-8 A flux (blue curve), ATA 304 A (red curve)
and ATA 94 A (green curve) intensities showing the onset and evolution of four
flares (‘Fy’, ‘Fo’, ‘F3” and ‘Fy’) from the diffused brightening region. Panels (b)-
(e): AIA 94 A images of the diffused brightening region during the peak phases
of the four flares. The red dotted curves in panels (b) and (c) indicate the quasi-
circular ribbon observed during Fy and Fy while the yellow arrows in panels (d)—(e)
indicate arc-shaped ribbons during F3 and F, flares, respectively. Panels (j)—(i):
AIA 304 A images showing the peak phases of the four flares. The green arrows
in different panels indicate the quasi-circular (panel (f)), semi-circular (panel (g))
and arc-shaped (panels (h) and (i)) ribbons observed during the flares. The black
arrows indicate the erupting filament. Panels (j)—(m): HMI LOS magnetograms
of the ‘magnetic atoll’ region prior to the onset of the F1—F3 flares (panels (j)—
(1)) and after the F4 flare (panel (m)). The blue arrows in panel (j) indicate few
negative flux region which disappeared with time. Contours of co-temporal EUV
intensities in AIA 304 A are overplotted on the bottom row. Contour levels are
14, 80]%, [12, 60]%, [11, 60]% and [9, 40]% of the corresponding peak intensities
in panels (j), (k), (1) and (m), respectively.
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Figure 4.12: Selective of Ha images of the diffused brightening region during the
pre-flare phases of the quasi-circular ribbon flares, recorded by different stations
of the GONG network. The corresponding GONG stations are indicated in the
titles in each panel as Uh (Udaipur Solar Observatory, India), Ch (Cerro Tololo
Inter-American Observatory, Chile) and Bh (Big Bear Solar Observatory, USA).
The blue arrows indicate the presence of small filaments prior to the flares.

gions of the atoll region. From the LOS magnetograms, it also becomes evident
that the negative polarity flux regions from the magnetic atoll region continuously
decayed with the evolution of each flares. This cancellation of negative flux was
much more prominent in the southern part of the atoll region than the northern
part (cf. the negative flux regions indicated by blue arrows in Figures 4.11(j) and
(m)).

To confirm the presence of filaments prior to the flares, over the filament chan-
nel that was developed along the northern boundary of the diffused brightening
region (Figure 4.10(j) and and Section 4.2.1), we looked into the pre-flare chro-
mospheric images of the diffused brightening region in the Ha passband (Figures
4.12). We clearly identified impressions of the filaments from these images which

implies recursive development of filaments at the filament channel, activation of
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which might have been responsible for the initiation of the quasi-circular ribbon
flares.

Since, photospheric magnetic activities play a crucial role towards the origin
of flaring activity, we examined the evolution of photospheric flux within the mag-
netic atoll region (enclosed by the box in Figure 4.13(a)) over its lifetime that
also included the time-span of the four quasi-circular ribbon flares. For a detailed
understanding of the influence of photospheric flux on the on origin of the flares,
we emphasized on the small-scale flux changes within the atoll region (in Figures
4.13(by)—(bg)) and the temporal evolution of flux from it (Figure 4.13(c)) by an-
alyzing HMI LOS magnetograms. From the series of the LOS magnetograms of
the atoll region, we clearly identified several instances of small-scale flux cancel-
lation of both polarities. We have highlighted a few of such instances by arrows
and ovals of different colors in Figures 4.13(b;)—(bg). The pre-flare phase of F;
(Figures 4.13(by)—(bs)) was characterized by cancellation of positive flux at the
region of the PIL between the positive polarity sunspot and the negative polarity
regions, i.e., the photospheric location associated with the filament. In partic-
ular, we observed distinct episodes of positive flux cancellation at the northern
boundary of the magnetic atoll region (cf. the regions within the yellow ovals in
Figures 4.13(by) and (by)). During the interval between F; and Fs, we identified
multiple instances of flux cancellation of both polarities at the same PIL region
(cf. the arrow heads of the red, blue and green arrows in Figures 4.13(bs)—(by)).
Between F3 and F4, a significant part of a relatively prominent negative flux region
got decayed (cf. the region enclosed by the green ovals in Figures 4.13(bs)—(bg)).
During the interval, we further observed cancellation of positive flux in the atoll
region which is highlighted within the orange ovals in Figures 4.13(bs)—(bg). This
region was further associated with flux cancellation during the interval between F
and Fy flares which is indicated by the red ovals in Figures 4.13(b7)—(bs). We also
observed cancellation of small negative fluxes from the atoll region in this duration
which are indicated by the blue arrows in Figures 4.13(bz)—(bs).

Following its development, the atoll region experienced a significant decrease
of negative flux (Figures 4.11(j)—(m) and 4.13(by)—(bs)) which can be readily rec-

ognized by the temporal evolution of negative flux (blue curve in Figure 4.13(c)).
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Figure 4.13: Panel (a): LOS magnetogram of the active region NOAA 11977
where the magnetic atoll region is enclosed within the black box. Panels (b;)—
(bg): Selective LOS magnetograms of the atoll region displaying several instances
of flux cancellation. We have indicated few of such flux cancellation by arrows and
ovals of different colours in different panels. Panel (c): Evolution of magnetic flux
in the magnetic atoll region indicated in panel (a). The shaded intervals in panel
(c) indicate the durations of flares occurred from the magnetic atoll region.
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The flux profiles suggest that in the first part of 2014 February 16, the flaring
region (enclosed by the black box in Figure 4.13(a)), underwent a rapid increase of
negative flux beside relatively moderate positive flux enhancement (see 00:00 UT
—08:00 UT in Figure 4.13(c)) suggesting the rapid development of the atoll region
and the associated diffused brightening region. The first flare (F;) initiated when
negative flux reached to its peak; following which, negative flux from the region
remained relatively unchanged for ~3 hours and then continuously decayed till
~19:30 UT. After this time, negative flux maintained an approximately constant
level for ~1.5 hours when the last flare from this region (F,) took place. From
~20:00 UT, negative flux primarily decayed characterizing the decay of the over-
all diffused brightening region. On the other hand, positive flux within the atoll
region displayed a stepwise enhancement till ~20:00 UT after which it decayed

slowly till the end of the period of our calculation.

4.2.3 Morphological evolution of quasi-circular ribbon flares

All the four flares originating from the oval-shaped diffused brightening region ini-
tiated with the activation and eruption of the filaments that developed over the
filament channel along the PIL at the northern boundary of the diffused bright-
ening region (Figure 4.10(j)). Further, all the four flares were characterized by
the onset of quasi-circular ribbon brightening along the boundary of the diffused
brightening region (Figure 4.11). The quasi-circular ribbon was the most promi-
nent and extended during F; of GOES class M1.1, which progressively decreased
during the subsequent flares (i.e., Fo—F4; see, Section 4.2.2 and Figure 4.11). De-
spite the difference in the extent of the quasi-circular ribbons, all the four flares
displayed similarities in their onset and evolutions. Importantly, the Fo—F, events
evolved with a complete blow-out type eruption of filamentary material from the
diffused brightening region while such catastrophic eruptive features were not ob-

served during F;. In this section, we focus on the detailed morphological evolution

of F; and Fy flares.

Filament eruption and quasi-circular ribbon during F,
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Figure 4.14: Representative ATA 304 A images depicting filament eruption and
associated M1.1 flare. The two blue arrows indicate a filament which is referred to
as ‘FL;’. The green arrows in panels (c) and (d) indicate small-scale brightenings
observed at the location of the filament. In panel (e), we outline the ‘S’ shaped
filament by dotted curve. The filament during its initial eruption phase is shown
by blue arrows in panels (f) and (h) and blue dotted line in panel (g). The white
arrows in panels (c¢)—(h) indicate initial flare brightening beneath the northern
end of the erupting filament. The final stage of filament eruption from the active
region is outlined by the blue arrow in panel 9i) and blue dotted curve in panel
(j)- The black arrows in panel (e) indicate parallel flare brightening during the
impulsive phase of the flare. The black arrows in panel (j) and white arrows in
panel (k) indicate erupting plasma. The black dotted curve in panel (k) indicate
the quasi-circular ribbon. Co-temporal LOS HMI magnetogram contours at levels
+[300, 500, 1000] G are plotted in panel (a). Green and blue contours refer to
positive and negative polarity, respectively.
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4.2. Homologous quasi-circular ribbon flares in NOAA 11977

In order to investigate the detailed evolution of the M1.1 flare (i.e., the Fy event)
and associated eruption of the filament, we plot a series of AIA 304 A images
of the diffused brightening region (Figure 4.14). These images suggest that the
impression of the filament at the northern boundary of the diffused brightening
region was first identified at around ~02:30 UT (Section 4.2.1 and Figure 4.10).
The filament is indicated by the blue arrows in Figure 4.14(b); referred as FL;
henceforth. A comparison of ATA 304 A image with the co-temporal LOS mag-
netograms in Figure 4.14(a) immediately confirms that the filament was situated
along the PIL between the positive polarity sunspot and the dispersed negative
magnetic field regions. During the extended period prior to the activation of the
filament, we observed a series of localized small-scale brightenings associated with
it (indicated by the green arrows in Figures 4.14(c) and (d)). The filament be-
came most prominent at ~09:20 UT (indicated by the blue dotted curve in Figure
4.14(e)) which was soon followed by a subtle enhancement in the brightness at
the northern leg of the filament suggesting the earliest signatures of its activation
at ~09:21 UT (indicated by the white arrow in Figure 4.14(f)). The activation
of the filament was immediately followed by eruption from its northern end (indi-
cated by the blue arrow in Figure 4.14(f)). The enhanced brightening advanced
southward (cf. the white arrowheads in Figures 4.14(d) and (c)) as the erupting
front of the filament induced a zipping-like upward erupting motion toward the
southern part of the filament also. The southward induced eruption of the fila-
ment is further outlined by the blue dotted curve in Figure 4.14(g) and indicated
by the blue arrows in Figures 4.14(h) and (i). The eruption of the filament was
characterized by two localized spot-like bright structures formed at both sides of
the filament (indicated by the black arrows in Figure 4.14(i)) at around 09:24 UT,
which resembles with ‘standard flare ribbons’ originating at highly sheared bipo-
lar regions. At the same time, a circular ribbon brightening appeared along the
boundary of the diffused brightening region. After ~09:25 UT, the filamentary
structure (FL;) appeared as a straight, long structure with one end still attached
to its initial location (outlined by the blue dotted curve in Figure 4.14(j)). Inter-
estingly, during this time, it was observed as a bright structure suggesting strong

heating of the filamentary materials during the flaring process. The open end of
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the filamentary structure was associated with plasma eruption after ~09:25 UT.
We have indicated the direction of the erupting plasma by the arrows in Figure
4.14(j). Notably, both the parallel and circular ribbon brightening increased up to
~09:27 UT (the circular ribbon brightening is outlined by the black dotted curve
in Figure 4.14(g)) after which, flare brightenings from the AR slowly decreased
while eruption continued (indicated by the white arrows in Figure 4.14(k)). After
~09:32 UT, a set of post-flare arcade developed at the location of the initial fila-
ment (indicated by black arrows in Figure 4.14(1)) which sustained till ~09:42 UT.

Filament eruption and shortened quasi-circular ribbon during F,

During the evolution of the flare F, the filament situated at the northern boundary
of the diffused brightening region, i.e., FL;, underwent partial eruption. However,
the corresponding PIL showed the presence of a filament channel throughout the
lifetime of the diffused brightening region. Interestingly, before the initiation of the
flare Fy, we observed signatures of a second filament (henceforth referred as FLy)
near the location of the first filament, i.e., FL;. In Figure 4.15(a), we have indicated
FL; by a blue dotted curve and FLy by a green arrow. Similar to the pre-flare
phase prior to Fy, we observed localized, small-scale brightenings during the pre-
flare phase of Fy also (indicated by the yellow arrows in Figures 4.15(a) and (b)).
As the episodes of localized brightenings continued, the filament FL; gradually
became more prominent with time (indicated by the blue arrow in Figure 4.15(b)).
Few minutes prior to the onset of Fy, the filament FLy evolved rapidly and both
the filaments got intertwined to each other, constituting a double-decker filament
system. The two filaments in the double-decker system are indicated by two dotted
curves in Figure 4.15(c). Notably, this double-decker system is confirmed by the
presence of two intertwined flux ropes (Section 4.2.4). Here, it worth mentioning
that the north-western end of FL, was associated with narrow collimated plasma
eruption even before the flare was initiated (indicated by the yellow arrow in
Figure 4.15(c)). Onset of the flare Fy took place as the filament FL; went through
a complete eruption at ~13:51 UT. The erupting FL; is outlined by a blue dotted
curve in Figure 4.15(e). At the same time, a part of the western boundary of the

diffused brightening region became very bright implying the formation of a circular
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Figure 4.15: Representative AIA 304 A images depicting the eruption of the fila-
ment and associated C3.4 flare. The filament FL; is indicated by the blue dotted
curve in panel (a) and blue arrow in panel (b). A second filament (‘FLy) is indi-
cated by the green arrow in panel (a). The yellow arrows in panels (a) and (b)
indicate small-scale brightenings at the location of the filaments during the pre-
flare phase. The blue and green dotted lines in panel (c) indicate the double-decker
flux rope configuration formed by FL; and FLy. The yellow arrow in panel (c)
indicate jet-like plasma ejection prior to the onset of the flare. The blue dotted
curve in panel (e) indicate erupting filament while the black dashed curve in the
same panel indicate a quasi-circular ribbon during the F, flare. The yellow arrows
in panel (f) indicate the direction of the erupting plasma during the flare. The
black arrows in panel (i) indicate post-flare arcade.

ribbon (highlighted by the black dashed curve in Figure 4.15(e)). Following the
eruption of FL;, the AR became partially masked by the cool erupting plasma
(the direction of erupting plasma is indicated by yellow arrows in Figure 4.15(f)).
After ~14:06 UT, a post-flare arcade developed in the flaring region (indicated by
black arrows in Figure 4.15(i)) which suggests the flare progressed to the gradual
phase.
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Table 4.2: Summary of the parameters for assessing the quality of NLFFF extrap-
olation

Time of extrapolation < |fi| > 0y
09:22 UT 6.79x10~* 8.35°
13:46 UT 7.26x107*  8.24°
17:34 UT 6.93x107* 7.88°
18:58 UT 6.58x107* 7.59°

4.2.4 Coronal Magnetic Field Modeling

Extrapolation set up
In order to investigate the coronal magnetic configurations prior to the onset of the
quasi-circular ribbon flares, we employed optimization based NLFFF extrapolation
method (See Section 2.3.2) with a particular focus to the magnetic atoll (i.e.,
flaring) region. As the boundary condition, we used vector magnetograms from
the ‘hmi.sharp_cea_720s’ series at four times: 09:22 UT (prior to Fy; Figure 4.16),
13:46 UT (prior to Fy; Figure 4.17), 17:34 UT (prior to F3; Figure 4.18(a)—(d1))
and 18:58 UT (prior to Fy; Figure 4.18(e)—(h1)) on 2014 February 16. In all the
four instances of coronal magnetic field extrapolation conducted in this work, we
used the following values of the free parameters (Section 2.3.2):

v =0.01; Wigs = 1 Whrans = rmaati—;

B = g = 1; us = 0.001; g = 0.01.
In Table 4.2, we have listed the values of the residual errors corresponding to all
the four extrapolations, which can be used as the assessment of the NLFFF solu-
tions. Here we clarify that, although the extrapolations were conducted over the
entire AR (Figure 4.13(a)), in this section and in Figures 4.16-4.18, we have only
shown and discussed the modeled coronal configuration associated with the atoll

region.

Pre-flare coronal magnetic connectivities

NLFFF-modeled coronal field lines at 09:22 UT readily indicates the presence of a
flux rope at the location of FL;. The flux rope is shown by the blue lines in Figures
4.16(a) and (d). For a better understanding of the structure and morphology of
the flux rope, we have further shown only the flux rope from top and side views in

Figure 4.16(b) and (c), respectively, where different field lines are plotted in dif-
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Figure 4.16: Non-linear Force Free Field extrapolation results of the magnetic atoll
region prior to the flare Fy (at 09:22 UT) showing the presence of a flux rope and
closed magnetic loops within the region (green lines) besides large open field lines
originating from the outer magnetic patches of the atoll region (yellow lines). To
understand the structures of the flux ropes clearly, we provide zoomed views of
the flux rope with multiple colors in panels (b) (top view) and (c) (side view).
The red patches over the background HMI magnetogram in panels (a), (c¢), and
(e) represent regions with high @-value (log(Q) > 2). The arrows in panel (c)
highlight the close association between the legs of the flux rope and photospheric
regions with high @-value. The Y-Z tilted vertical surface in panel (f) drawn
along the yellow lines represent the distribution of @-values. In panel (g), the
distribution of () is shown along a plane passing across the magnetic atoll region
i.e., along X-Z plane. The arrow in panel (g) indicate an ‘X’-shape formed by
the regions of high ). For reference, we have included the color-table showing
the distribution of log(Q) values in the box in panels (f) and (g). Top boundary
in panels (a), (b), (d) as well as the sky-colored boundary in panel (e) represent
north. We have plotted a compass for representing the direction in panels (c¢) and
(f). An ATA 304 A image of 09:26 UT has been plotted in the background in panel

(d).
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ferent colors. The flux rope was found to be enveloped by a set of highly sheared
low-coronal closed loops (shown by the green lines in Figure 4.16). Notably, these
low-coronal closed loops connected the outer positive polarity patches of the atoll
region to the central dispersed negative polarity regions. The green lines were
further surrounded by a second set of open field lines (shown by yellow color in
Figures 4.16(d)—(f)) which originated from the outer positive polarity regions. It is
worth mentioning that the boundary of the diffused, nearly-circular flare brighten-
ing observed during the F; flare apparently delineated the footpoints of the open
field lines (cf. the modeled yellow lines and the background AIA 304 A image
in Figure 4.16(d)). In this way, the entire structure made of the green and yel-
low lines resembles a spine-fan-like configuration. Notably, although few low-lying
null-points were located by trilinear method (see Section 2.3.5) close to the bottom
boundary of the extrapolation volume, we could not find presence of any null-point
near or within our region of interest. The lack of null point within the coronal
configuration associated with the atoll region suggests that the configuration dif-
fered from the typical 3D spine-fan configuration. The laterally extended nature
of the spine-like lines (indicated by the black arrows in Figures 4.16(a) and (d))
further provided evidence in this direction as it is uncharacteristic of the spine-
fan configuration in null point topology. In Figure 4.16(e), we have shown the
complete coronal configuration from a side angle for an overall visualization. This
atypical, spine-fan-like configuration was also recognized prior to the onset of F,
which is indicated by the black arrows in Figures 4.17(d)—(e)). Our extrapolation
results further revealed that this spine-fan-like configuration decayed significantly
in the spatial extent afterwards (Figures 4.18(a) and (e)) vis-a-vis changes in the
corresponding photospheric magnetic field structure of the magnetic atoll region
(Figures 4.11(j)—(m)).

Notably, the model field structure during the pre-flare phase of Fy revealed two
sets of twisted field lines, i.e., flux ropes, which were intertwined with each other
forming a double-decker flux rope configuration (shown by blue and pink colors in
Figures 4.17(a)—(c)). While the twisted field lines shown in blue were similar to
the flux rope identified during the pre-flare phase of Fy (i.e., FL;), the apparent

twist associated with it was found to be more than the previous flux rope (see
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Figure 4.17: Non-linear Force Free Field extrapolation results on the magnetic
atoll region prior to the Fy flare (at 13:46 UT) showing the presence of a flux rope
(blue lines) and closed magnetic loops within the region (green lines) as well as
large open field lines originating from magnetic patches of the atoll region (yellow
lines). A set of twisted field lines having origin in the south-western end of the
polarity inversion line and extending north-westward as a part of open field lines
i.e., ‘open flux rope’ are shown in pink color. In panels (b) and (c), only the two
flux ropes are shown from top and side views, respectively. The red patches over
the background HMI magnetogram in panels (a) and (c) represent regions with
high Q-value (log(Q) > 2). The arrows in panel (c) highlight the close association
between the legs of the flux ropes and photospheric regions with high Q). Panels (e)
and (f) are same as Figures 4.16(f) and (g), respectively. Top boundary in panels
(a), (b) and (d) represent north. Top boundary in panel (c) represents east.

Table 4.3). The other set of twisted field lines (shown in pink color) was rather
interesting as the northern end, the field lines of the flux rope become a part of the
open lines instead of terminating on the photosphere (cf. the open end of the pink
lines in Figures 4.17(a) and the open yellow lines in Figure 4.17(d)). We further
note that, the location of the pink lines was same as the apparent location of FL,
(cf. Figures 4.17(b) and 4.15(c)). The double-decker flux rope configuration is
shown from top and side views in Figures 4.17(b) and (c), for a better visualiza-

tion. In Figure 4.18, we have shown the modeled magnetic configuration above the
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Figure 4.18: NLFFF extrapolation results showing the coronal configurations prior
to the F3 (at 17:34 UT; panels (a)-(d1l)) and F, flare (at 18:58 UT; panels (e)-
(h1). Panels (a) and (e) show the flux ropes (in blue color) and the inner fan-like
lines (in green color) from top view. The flux ropes prior to the F3 and F, flares
are exclusively shown in multiple colors from the top view in panels (b) and (f),
respectively, and from side views in panels (¢) and (g), respectively. Panels (d)—
(d1) and (h)—(hl) are same as Figures 4.16(f)—(g), respectively. The arrows in
panels (c) and (g) highlight the close association between the legs of the flux ropes
and photospheric regions with high Q).

magnetic atoll region prior to the onset of the Fy (Figures 4.18(a)—(d1)) and F,
(Figures 4.18(e)—(h1)) flares. NLFFF extrapolation results suggested that, similar
to Fy, prior to the F3 and F, flares also, single flux rope structures are identified
from the modeled coronal magnetic field which are shown from top views in Fig-
ures 4.18(a), (b) and 4.18(e), (f), respectively, and side views in Figures 4.18(c)
and (g), respectively.

Distribution of Squashing factor (Q)
NLFFF modeling revealed a complex coronal magnetic configuration prior to the
successive four flares where the overall coronal structures despite resembling a fan-

spine-like configuration, lacked a coronal null-point. In order to further investigate
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this peculiar fan-spine-like configuration, we computed QSL-maps within the ex-
trapolated region. The photospheric regions associated with high-Q (log(Q) > 2)
regions are shown by the red colored patches in the relevant panels in Figures 4.16—
4.18. From Figures 4.16(a), 4.17(a), 4.18(a) and (e), it becomes evident that the
high-() regions within the magnetic atoll region were situated along the elongated
footpoint locations of the green lines (indicated by the black arrows in Figures
4.16(a) and 4.17(a)) which further provides substantial evidence for the laterally
extended nature of the spine-like lines. Notably, the footpoint regions of the flux
ropes were also found to be associated with high @)-values which can be inferred
from the red colored patches indicated by the arrows in Figures 4.16(c), 4.17(c),
4.18(c) and (g).

To understand the variation of ()-values along the laterally extended spine-
like lines, we drew tilted vertical planes passing through the outer spine-like lines
(i.e., the yellow lines shown in Figures 4.16(d)—(e), 4.17(d)); distribution of @
along which are shown in Figure 4.16(f), 4.17(e) and 4.18(d) and (h). These Q-
maps clearly reveals that immediately over the inner fan-like lines (shown by green
color), the @-values approached maximum (log(Q) 25) signifying drastic change
in the magnetic connectivity between the green and the yellow lines. The extended
arc-shaped high @ region (shown in purple color and the arrows in Figures 4.16(f),
4.17(e) 4.18(d) and (h)) in the absence of coronal nulls, suggests the presence of
an HFT between the green and yellow lines. In Figure 4.16(g), we plot @Q)-values
along a plane that crosses perpendicularly the tilted plane of Figure 4.16(f), i.e.,
it shows the variation of @) across the spine-fan-like configuration. From this
panel, we readily observe the ‘X’-shape formed by high @-values (indicated by
the black arrow) which further confirms the presence of the HFT in the coronal
magnetic configuration above the atoll region. Notably, similar configurations are
also found prior to the onset of the subsequent flares (indicated by the arrow in
Figures 4.17(f), 4.18(d1) and (h1)); however, with the decay of the magnetic atoll
region, the extended coronal region of high ()-values over the inner fan-like lines
(indicated by arrows in Figures 4.16(f), 4.17(e) and 4.18(d)), gradually reduced
and concentrated to a point-like structure prior to the onset of the F4 flare (indi-

cated by the black arrow in Figure 4.18(h)).
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Table 4.3: Summary of the twist number |T,| and critical height (h..;) for mag-
netic decay index n = 1.0 and 1.5, prior to the four flares from the magnetic atoll
region

Flare | T herit(n = 1.0)  heie(n = 1.5)  Maximum height of
Id. (Mm) (Mm) the flux rope (Mm)
Fy ~0.934+0.11 ~15 25 ~4
Fq ~1.1240.18 ~19 ~30 ~4
Fs ~1.20+0.20 ~17 28 ~5
Fy ~1.2240.20 ~17 ~27 ~4

Twist number and magnetic decay index

GONG Ha and ATA 304 A images provided observational evidence of filaments
prior to each of the quasi-circular ribbon flares, which underwent eruptions during
the evolutions of the flares (Figures 4.12, 4.14, 4.15). NLFFF extrapolation results
further confirmed the presence of flux ropes at the apparent locations of the fila-
ments (Figures 4.16, 4.17, 4.18). However, both the imaging and modeling analysis
qualitatively suggested that twist of all flux ropes increased successively from F,
to F4. Therefore, in order to have a quantitative assessment of the twists of the
flux ropes, we compared distribution of twist number (7,; Berger & Prior, 2006,
see also Section 2.3.4) associated with the location of the flux ropes within the
extrapolation volume. The average twist numbers (7)) associated with the flux
ropes corresponding to consecutive flares prior to their onset (F1-F,) are provided
in Table 4.3. Analysis of T,,-maps quantitatively confirmed that T}, increased suc-
cessively from F; to F;. While T,, prior to F; was only ~0.93, it increased to
~1.22 prior to the onset of Fj.

To understand how the horizontal magnetic field changed with height over the
flux ropes, we calculated magnetic decay index (n). For this purpose, we considered
the PILs over which the flux ropes were situated and computed average decay index
along vertical surfaces above it. Variation of magnetic decay index with height,
averaged over the lengths of the PILs are shown in Figure 4.19, where the critical
heights at which the value of decay index reached n = 1.0 (hei(n = 1.0)) and
n = 1.5 (hgu(n = 1.5)) are indicated by the dotted and dashed vertical lines.
In Table 4.3, we have summarized the values of h..; and approximate maximum

heights of the flux ropes before the onset of all the four flares. Our calculations

126 Gujarat University 2022 Prabir Kumar Mitra



4.2. Homologous quasi-circular ribbon flares in NOAA 11977

3.0

MM m ™M
N}

»

w

N
o

N
o

Mean decay index
o

o=
(@) (@)
T ‘ T T T I T T T

©
o

4\‘\\\\‘\\\\]\\\\'\\\\‘\\\\‘\\\\‘\

1520 1 NP1 2525
6.9 17.1 27.1 27.9

0 20 40
Height above PIL (in Mm)

(o))
(®)

Figure 4.19: Plot of decay index (n) above the PIL as a function of height, prior
to the four events. The values of decay index n = 1.0 and 1.5 are indicated by the
pink dotted and purple dashed horizontal lines. The critical heights corresponding
to the values n = 1.0 and 1.5 prior to the flares are represented by the dotted and
dashed vertical lines, respectively, and noted at the bottom of the plot. Colors of
these vertical lines and the values of critical heights corresponding to the events
are synchronized with the colors of the decay index plots.

suggest that prior to the Fy flare, h..;; was ~25 Mm while it slightly increased to
~27-30 Mm prior to the subsequent flares. However, the maximum heights of the
flux ropes prior to the onset of the flares were found to be only ~4-5 Mm (Table

4.3) which were much less compared to the critical heights.

4.2.5 Discussions

In this chapter, we present a detailed analysis of four successive flares from NOAA
11977 which were associated with some extent of quasi-circular ribbons. These
flares (denoted as Fi, Fo, F3, Fy; in the order of their occurrence) originated
on a single day within a period of ~11 hour (see Table 4.1) from a complex
photospheric configuration. The coronal configuration of the flaring region was

characterized by an elongated fan-spine-like structure that involved a hyperbolic
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flux tube (HFT). In EUV images, we identified the fan-spine-like configuration in
the form of a diffused EUV brightening region spread within a circular base prior
to F1. In the course of the four flares, the length of the elongated fan-spine-like
structure gradually decayed, resulting in the decomposition and simplification of
the prominent quasi-circular brightening.

The interesting coronal configuration that facilitated the four morphologically
similar flares, was developed over several hours prior to the onset of the flare Fj.
Comparison of EUV images with co-temporal magnetograms revealed that the
development the structure was eventually correlated with the formation of the
magnetic atoll region (Figure 4.10). Further, prior to the F; event, the overall
configuration composed of negative polarity patches (indicated by the red and
blue arrows in Figure 4.10(f)) and the western positive polarity region (indicated
by the pink arrows in Figure 4.10(f)) can be characterized by a geometric sta-
dium shapel! with the longitudinal dimension lying along northwest-southeast
(NW-SE) direction (Figure 4.10(f)). In general, the overall photospheric structure
of the flaring region i.e., the magnetic atoll region, consisted of a longitudinally
stretched magnetic patch bounded by regions of opposite polarity on both sides.
Coronal magnetic field reconstruction revealed a complex configuration character-
ized by open field lines originating from the positive polarity regions enclosing an
extended fan-like structure (Figures 4.16-4.18). In this way, the overall coronal
magnetic configuration resembled the topology of pseudo-streamers (Wang et al.,
2007; Titov et al., 2011, 2012; Masson et al., 2014) albeit in a much smaller spatial
scale. Notably, since pseudo-streamers connect coronal holes of the same polarity,
involving even number of PILs, two-dimensional depiction of the cross-section of
pseudo-streamers indicate the presence of X-shaped high Q-structures (Titov et al.,
2012), which may represent true 3D null-points or topological structures such as
separators connecting multiple null-points, HF Ts etc. (Gibson et al., 2017). In the
absence of any null-point, the coronal magnetic configuration, derived from our
analysis, can be physically well interpreted by considering a small-scale pseudo-
streamer involving an HFT.

The presence of the HFT in the flaring region was further confirmed by their

Mnttp://mathworld.wolfram.com/Stadium.html
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cross-sectional X-shaped high @Q-regions (Figures 4.16(g), 4.17(f), 4.18(d1) and
(h1)). The high @ values of these regions imply high gradient of magnetic field
(i.e., QSLs) within the diffused brightening region. Intense current sheets are
formed naturally around QSLs as gradient in magnetic field contributes toward
the generation of current (Lau & Finn, 1990; Priest & Titov, 1996; Aulanier et al.,
2005; Démoulin, 2007). Using MHD simulations, formation of electric current
has also been demonstrated in magnetic flux ropes, coronal sigmoids, beneath an
erupting flux rope etc. (see, e.g., Wilmot-Smith et al., 2009; Pariat et al., 2009b;
Aulanier et al., 2009). Therefore, we interpret the diffused EUV brightness of
the flaring region in terms of joule heating due to the dissipation of the currents
associated with the QSL formed by the inner fan-like lines.

As clearly revealed in the ATA images, the quasi-circular ribbon brightening
during the four flares, formed along the boundary of the dome shaped diffused
brightening region (DBR). Further, all the four flares initiated as a filament, re-
siding close to the northern edge of the DBR underwent activation and eruption
(Figures 4.12, 4.14 and 4.15). Correspondingly, NLFFF extrapolation results re-
vealed the presence of flux ropes within the fan-spine-like configuration close to
its northern boundary (Figures 4.16-4.18). This provides a conclusive evidence
that the triggering of the quasi-circular ribbon flares were caused by the interac-
tion of the erupting flux rope with the fan-like separatrix surface. Using MHD
simulations, it has been established that stressed QSL regions can give rise to
slipping reconnections even without the presence of a coronal null-point and for
sufficiently thin QSLs and high resistivities, the field line footpoints can slip-run at
super-Alfvénic speeds along the intersection of the QSLs (slip running reconnec-
tion; Aulanier et al., 2006). While studying a circular ribbon in association with a
coronal null-point topology, Masson et al. (2009) observed that slip-running recon-
nection and null-point reconnection can occur sequentially. They also found that
Q@ is a highly effective parameter which determines which mode of reconnection
will occur in a null-point topology: cut-paste type null-point reconnetion occurs
when the value of @ reaches infinity and slipping (or slip-running) reconnection
occurs for lesser values of (). As observational signature of slipping/slip-running

reconnection, circular ribbon and remote brightening can be highlighted (Masson
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et al., 2009); while the null-point reconnection usually gives rise to collimated
eruptions i.e., coronal jets or Ha surges (Pariat et al., 2009a, 2010).

In this context, the association of flux ropes and QSLs is worth mentioning. In
all the four cases (Figures 4.16(c), 4.17(c), 4.18(c) and (g)), we observed the legs
of the flux ropes to be associated with high photospheric @Q-values. High Q-values
at the boundaries of flux ropes essentially associated with two different sets of
magnetic field lines: one set forming the flux rope and the other set forming the
relatively potential, ambient magnetic field (see e.g., Savcheva et al., 2012; Zhao
et al., 2016; Janvier et al., 2016; Guo et al., 2019).

Activations of the filaments prior to the onset of the four flares were char-
acterized by localized brightenings beneath the filaments (Figure 4.14 and 4.15).
Further, we identified several instances of flux cancellation from the PIL region
during pre-flare phases of all the flares (Figure 4.13). We interpret these findings as
the observational signatures of the tether-cutting model of solar eruptions (Moore
& Roumeliotis, 1992; Moore et al., 2001). We also explored the possibility of torus
and kink instabilities as the triggering mechanism, by computing the decay index
and twist numbers. Our analysis suggests that the critical decay height for n =1.5
above the PIL of the flux rope prior to all the four flares remained consistent
within the heights of ~25-30 Mm (Table 4.3). Statistical surveys concerning the
torus instability as the triggering mechanism for eruptive flares by Wang et al.
(2017b); Baumgartner et al. (2018) revealed the critical decay height to lie within
the ranges of ~364+17 Mm and 21£+10 Mm. Therefore, the results of the magnetic
decay index analysis suggest the decay height to be in well agreement with the
statistically established values, pointing toward a favorable role played by torus in-
stability. However, it should be mentioned that calculation of critical decay height
by considering the average decay index over the PIL is rather a simplistic approach.
Detailed studies devoted to the analysis of decay index (see e.g., Zuccarello et al.,
2014, 2017; Myshyakov & Tsvetkov, 2020) have shown that a flux rope eruption
can take place even when the critical height (h.,;;) becomes sufficiently low in a few
discrete locations over the flux rope. Further, theoretical studies have shown that
the critical height strongly depend on the magnetic topology (Kliem et al., 2014).

Notably, in view of the fan-spine-like structure, the coronal magnetic configura-
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tion reported in this study presented a much complex configuration compared to
the general cases of sheared bipolar configurations. Rapid decay of magnetic field
within the fan-surface is expected which in turns results in high values of magnetic
decay index (see e.g., Joshi et al., 2021). Average twist numbers associated with
the flux ropes were found to increase successively from ~0.93 prior to F; to ~1.22
prior to Fy (Table 4.3). Although, the increase in twist suggest higher storage
of magnetic free energy in the flux ropes, the critical value of twist number for
resulting in the destabilization of the flux ropes was statistically established to be
|T| =2 (Duan et al., 2019). Therefore, we could not find any conclusive evidence
for kink instability as the triggering mechanism for the homologous flares reported
in this chapter.

Importantly, although a prominent circular ribbon developed during the M-
class flare (i.e., the F; event), we did not observe any signature of magnetic re-
connection at null-point-like configuration (i.e., jet/surge, breakout type eruption
etc.). AIA 304 A images clearly revealed the erupting filament to undergo an
apparent sliding/zipping motion which initiated from its northern end and propa-
gated toward the southern direction. We observed eruption of plasma only when
the sliding end of the filament eventually reached the southern boundary of the
diffused brightening region. These observational features led us to conclude that
the occurrence of the circular ribbon during the F; flare was the manifestation of
predominantly QSL-reconnection, rather than the interchange-type reconnection
between the inner and outer fan-like lines. Contrary to the M1.1 flare, all the
subsequent flares (Fo—F,) underwent complete eruption of the filaments, clearly
implying reconnection at the HF'T. In this context, we remember that twist num-
ber associated with the flux ropes successively increased from F; to F4. Further,
we observed almost consistent cancellation of negative flux within the magnetic
atoll region following the onset of F; flare. While the increasing twist number
suggests storage of more free energy in the flux ropes, the flux cancellation events
signify decrease in the constraining energy of the fan-spine configuration following
the F; flare. Therefore, we speculate that excess energy stored in the flux rope (in
the form of higher twist number) and less energy stored in the constraining mag-

netic field resulted in the complete destruction of the fan-spine-like configuration
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during the subsequent C-class flares; while, during the M1.1 flare, less twisted flux
rope did not have enough energy to trigger interchange type reconnection at the

HFT.

4.3 Concluding remarks

In this chapter, we explore different aspects of magnetic reconnection in 3D by
thoroughly analyzing the homologous, eruptive,quasi-circular ribbon flares orig-
inating from a complex photospheric magnetic configuration which was charac-
terized by elongated parasitic negative polarity regions surrounded by positive
polarity regions (i.e., a magnetic atoll region). The corresponding coronal mag-
netic field depicted a fan-spine-like configuration that involved a hyperbolic flux
tube (HFT) that lacked a coronal null point. All the four flares initiated as a flux
rope developed over the PIL at the northern edge of the atoll region underwent
activation and eruption within the fan dome. The localized brightenings observed
from the location of the filament as well as small-scale flux cancellation from the
PIL region provided supports the tether-cutting model of solar eruption. Interac-
tion between the erupting flux rope and the fan-like-separatrix surface resulted in
the circular ribbon brightening during the flares.

The overall evolution of the ribbon brightenings during the quasi-circular rib-
bon flares was in line with most of the previously reported cases of circular ribbon
flares, i.e., onset of the parallel ribbons followed by the onset of the circular/quasi-
circular ribbons. However, the coronal configuration associated with the magnetic
atoll region differed from typical coronal configurations governing circular ribbons,
in view of the absence of the null point. To our end, we emphasize that, the re-
porting of the occurrence of quasi-circular ribbon flares from complex fan-spine-like
configurations including HF T's provides important addition to the existing knowl-
edge of flaring activities originating from complex 3D magnetic structures. Further
studies involving theoretical and observational analyses of similar events are es-
sential to reach to a general understanding of the complex coronal configurations

in the solar atmosphere.
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Chapter 5

Reconnection in a Quadrupolar
Coronal Configuration and
Magnetic Confinement of Flux

Ropes

5.1 Introduction

Solar ARs, which are ideal locations for storing non-potential magnetic energy, are
preferable sites for solar transient phenomena i.e., flares, CMEs etc. (see review by
Priest & Forbes, 2002). Since the explosive energy release during such catastrophic
events occur in response to magnetic reconnection at current sheets, their locations
are associated with high magnetic gradient (Schrijver, 2009). Naturally, in view
of the strong magnetic gradients across the polarity inversion lines (PILs), the -
spots where multiple, segmented umbra of opposite polarities are surrounded by a
common penumbrae (Kiinzel, 1960), are observed to be associated with the largest
solar flares (see e.g., Zirin & Liggett, 1987; Schrijver, 2007). Unsurprisingly, all the
historical flaring events which were subjected to extensive studies, occurred from
complex ARs involving d-spots, e.g., NOAA 11429 (e.g., Liu et al., 2014; Wang
et al., 2014; Chintzoglou et al., 2015; Syntelis et al., 2016; Patsourakos et al.,
2016; Zheng et al., 2017; Yang et al., 2018; Baker et al., 2019; Zhou et al., 2019),
NOAA 11158 (e.g., Schrijver et al., 2011; Sun et al., 2012; Wang et al., 2012; Liu
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Figure 5.1: A quadrupolar magnetic configuration developed by two interacting ac-
tive regions. Panel (a): Field lines in the large-scale environment of the quadrupo-
lar coronal magnetic configuration. The magnetic null point in the configuration
is denoted with the dark-green slanted cross. Panel (b): A selected set of field
lines in the quadrupolar configuration passing close to the magnetic null point
shown in the same scale as in panel (a). The contour levels of the radial magnetic
component in panel (b) are symmetric relative to zero in steps of 31 G; dotted:
—(15,46,...,728)G, continuous: +(15,46,...,139)G. The axes are in solar radii from
the solar disk center. Figure is adopted from Uralov et al. (2014).
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et al., 2012a; Vemareddy et al., 2012; Dalmasse et al., 2013; Tziotziou et al., 2013;
Janvier et al., 2014; Kazachenko et al., 2015; Zhang et al., 2016; Lumme et al.,
2019), NOAA 12673 (Chapter 6 of this thesis is dedicated to the evolution of the
AR and flaring activities occurring from it), etc.

d-sunspots are generally developed as two or more bipolar regions collide and
emerge into each other (Zhongxian & Jingxiu, 1994). Merging of two bipolar ARs
create the so called ‘quadrupolar’ magnetic regions (Toriumi & Takasao, 2017).
With highly sheared PILs and excess storage of magnetic free energy, quadrupolar
ARs are frequently observed to generate large flares (e.g., Mandrini et al., 2006;
Schrijver et al., 2011; Joshi et al., 2016b; Lee et al., 2016; Liu et al., 2016a).
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Figure 5.2: Essential steps in the breakout type CME eruption. Black field lines
show separatrices (or quasi-separatrices) dividing different regions of the magnetic
field (red, green, blue). Yellow field lines show the core of the filament/flux rope.
Orange shading denotes the breakout current sheet, pink shading the flare current
sheet. Figure is adopted from Wyper et al. (2017).

Since, quadrupolar ARs involve multiple PILs, the coronal configuration associated
with such quadrupolar configurations are often characterized by the presence of
a coronal null point (Longcope, 2005). In Figure 5.1, we have shown the coronal
magnetic configuration associated with a typical quadrupolar AR, that involved a
null point.

Presence of null point in the quadrupolar configuration forms the key ingredi-
ents of the breakout model of solar eruption (Antiochos et al., 1999; Karpen et al.,
2012). The null point creates four distinct domain of the magnetic field in its
neighborhood (Figure 5.2(a)): a central arcade straddling the equator (blue field
lines), two arcades associated with the neutral lines i.e., side lobes (green field
lines), and a overlying flux system (red lines). The four domains are separated by
two separatrices (shown by the black lines). Notably, the null is situated at the
intersection of the two separatrices. The relatively potential magnetic fluxes of
the side lobes (i.e., the green field lines) and the overlying magnetic flux (i.e., the
red lines) provide confinement to the expansion of the sheared core field (i.e., the
blue flux system). Reconnection at the null weakens the confinement enabling the
sheared core to expand outward that leads to the formation of the CME (Antiochos
et al., 1999).

In this chapter, we discuss different aspects of quadrupolar magnetic configu-
ration in association with the triggering of an impulsive M-class flare in NOAA
11302. The flaring region was a complex d-type. However, despite critical dra-
matic evolution, the flare proceeded with a failed eruption. The present study also
attempts to understand the factors involved in the confinement of the activated

flux ropes.
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5.2 Jd-sunspot region and quadrupolar configura-
tion

The AR under consideration, NOAA 11302, on the day of our study was located
at the heliographic location ~N15E35. In Figure 5.3, we show different photopsh-
eric and coronal aspects of the AR using multi-wavelength images from different
observing instruments and NLFFF extrapolation results. The AR consisted of
three separate but prominent sunspot groups which were aligned in the northeast—
southwest (NE-SW) direction in a linear distribution (Figure 5.3(a)). Co-temporal
magnetograms (Figure 5.3(b)) suggest that the easternmost sunspot group was of
predominantly positive polarity; while, the westernmost sunspot group was mostly
composed of negative flux. The bipolar central sunspot group is particularly in-
teresting and important for this study. From the intensity contours overplotted in
Figure 5.3(b), it becomes evident that the central sunspot group was composed of
fragmented umbrae of opposite polarities within a single penumbra; a character-
istics of the d-type ARs (Kiinzel, 1960). Notably, the M-class flare and associated
failed eruption reported in this chapter, originated from this sunspot group. We
identified a small, faint filament in the chromospheric Ha image of the AR, one leg
of which was attached to the central sunspot group (indicated by the red arrow in
Figure 5.3(c)). A particularly interesting structure was revealed in the hot EUV
observations e.g., ATA 94 and 131 A channels, which appeared to be composed of
a few localized coronal loops that connected opposite polarity flux regions of the
central sunspot group (indicated by the red arrow in Figure 5.3(d)).

The coronal structures suggested by the EUV and Ha images, in both small
and large scales, were readily validated by NLFFF modeling results (Figure 5.3(e)).
The localized hot structure situated over the central sunspot group (indicated by
the red arrow in Figure 5.3(d)) was revealed to be a well-defined quadrupolar
coronal configuration associated with a 3D null point situated at a height of ~8
Mm. In Figure 5.3(e), the different domains of magnetic loops constituting the
quadrupolar configuration are shown by blue, green, pink and sky-colored lines
while the null point is shown by the red patch (also indicated by the black arrow).

Further, we identified a magnetic flux rope in the central sunspot region (shown
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Figure 5.3: Panel (a): HMI white-light image of NOAA 11302 on 2011 Septem-
ber 26 04:00 UT. Panel (b): Cotemporal HMI line-of-sight (LOS) magnetogram.
Magnetic flux density in Gauss is color-coded as the color-bar shown in the inset.
The blue and red contours in panel (b) indicates the spatial extent of the umbrae
and penumbrae of the sunspot groups as observed in white light. The contour
levels are 35% and 75% of the maximum white light emission, respectively. Panel
(c): GONG Learmonth Ha image of the active region showing the presence of
multiple filaments. The red arrow indicates a faint filament which was involved in
the M-class flare under study. Panel (d): AIA 131 A image of the active region
showing a set of significantly bright, small coronal loops during the pre-flare phase
(indicated by the red arrow). The white dotted boxes in panel (d) indicate the
field of view of Figures 5.5(b)—(m). Panel (e): NLFFF extrapolation results of
the flaring region showing a flux rope (displayed by the yellow lines) and four sets
of coronal loops connecting different photospheric flux regions associated with the
quadrupolar configuration of the central sunspot group. The red patch (indicated
by the black arrow) represent a coronal null point. The stamps A, B, and C in
panels (b) and (e) are for comparison between the field of views (FOVs) of the
corresponding panels.
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by the yellow lines in Figure 5.3(e)) which can be well considered as the magnetic

structure of the filament indicated by the red arrow in Figure 5.3(c).

5.3 Temporal Evolution of X-ray and EUV Emis-
sion

For understanding the temporal evolution of the flaring region (indicated by the
white dotted box in Figure 5.3(c)) during the extend period of our observation, we
looked into the X-ray flux variations in the 1-8 A and 0.5-4 A channels of GOES
and multiple energy channels of RHESSI covering the energy range 3-25 keV
(Figure 5.4(a)) as well as EUV flux variations derived from different ATA channels
(Figure 5.4(b)) within the interval 04:00 UT - 05:15 UT on 2011 September 26.
In Figure 5.4. Notably, this duration included an extended phase prior to the
onset of the M4.0 flare as well as the impulsive and a part of the gradual phase
of it. GOES did not observe the Sun during 05:15 UT — 06:25 UT which covered
most of the declining phase of the flarel'). RHESSI missed the initial phase of our
observing period (till ~04:13 UT) due to ‘RHESSI night’.

The X-ray flux variations in Figure 5.4(a), particularly the GOES 0.5-4 A
channel and low energy RHESSI channels, readily indicate the occurrence of a
number of episodes of small flux-enhancements prior to the onset of the M-class
flare, i.e., during ~04:04 UT — 04:53 UT. Interestingly, the SXR peaks and as-
sociate brightening from the quadrupolar location varied significantly and on the
basis of intensity and compactness of the EUV and X-ray sources, the extended
pre-flare period of observation can be divided into two phases: ‘Phase 1": 04:04
UT — 04:39 UT (highlighted by light yellow background in Figure 5.4) and ‘Phase
2": 04:39 UT — 04:53 UT (highlighted by light purple background in Figure 5.4).
Accordingly, we identified the individual flux peaks during these two sub-periods
by P1,-Plg and P2,—P24, respectively. After ~05:06 UT, emission in X-ray and
EUV increased rapidly, suggesting the onset of the flare. The impulsive phase of
the flare lasted for only ~1 min leading the flare to reach its peak at ~05:08 UT.
Interestingly, EUV lightcurves only in the hot 94 and 131 A channels displayed

Mnttps://www.swpc.noaa.gov/products/goes-x-ray-flux
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5.3. Temporal Evolution of X-ray and EUV Emission
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Figure 5.4: Panel (a): Evolution of X-ray flux in different GOES and RHESSI
channels showing the extended pre-flare phase along with the evolution of the
M4.0 flare. For better visualization, RHESSI fluxes are normalized by % and 2%
for 3-6 keV and 12-25 keV channels. The horizontal bars at the top represent
the status of RHESSI observation and attenuator states. Panel (b): Normalized
ATA EUV intensity variations in the same duration as in panel (a). For better
visualization, AIA 171, 304, 94 and 131 A channels are scaled by factors of 1.2,
1.8, 0.9, and 0.6, respectively. The light yellow and light purple shaded intervals
represent the durations of the two pre-flare periods of SXR flux enhancements
which are further identified as ‘Phase 1’ and ‘Phase 2’; respectively. Individual
SXR peaks during Phase 1 and Phase 2 are identified as P1;—P1lg and P2;-P24,
respectively. The hatched light grey-shaded interval represents the impulsive and
early gradual phase of the M2.4 flare. The two green arrows in panel (b) indicate
the intensity enhancement in ATA 171 and 304 A channels during ‘P2,’ while the
two black arrows indicate mild enhancement in the intensities in ATA 94 and 131
A channels during P1; and P2,.

appreciable enhancements during Phase 1. However, Phase 2 was associated by

emission enhancements in all the AIA EUV channels.
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Figure 5.5: Panel (a): SXR flux in the GOES 0.5-4 A (red curve) and RHESSI 6-
12 keV (blue curve) channels. Panels (b)—(m): Multi-wavelength evolution of the
core AR in ATA 171 A (panels (b), (e), (h), (k)), 131 A (panels (c), (), (i), (1)) and
304 A (panels (d), (g), (j), (m)). For comparison, four dashed lines are drawn in
panel (a) corresponding to the time-informations of the images of the four columns.
The white and green arrows in different panels indicate filaments during different
phases within the studied interval. The red arrows in different panels and the
sky-colored arrow in panel (g) indicate the location of pre-flare brightening. The
sky-colored arrows in panels (k) and (m) indicate a remote brightening observed
during the peak phases of the flare. The field-of-view of these panels are shown
by the dotted boxes in Figures 5.3(d).

5.4 Multi-wavelegth Imaging of Coronal Energy
Release: Onset and Consequences

Figure 5.5 shows a few representative AIA 171, 131, and 304 A images of the
flaring region providing an overview during different prominent episodes of en-

ergy release with respect to the GOES and RHESSI soft X-ray time-evolution.
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EUV images during the P1; peak (Figures 5.5(b)—(d); see also Figure 5.4) read-
ily suggest a localized brightening (indicated by the red arrow in Figure 5.5(c))
situated at the northern end of the filament (indicated by the white arrows in
Figure 5.5(b)—(d)). Notably, NLFFF extrapolation results revealed the presence
of the quadrupolar configuration in association with the coronal null point at the
same location (Figure 5.3), suggesting null point reconnection to be responsible for
the flux enhancements. Although during the P1; peak, we observed appreciable
brightening from the quadrupolar brightening only in the hot AIA channels (e.g.,
131 A channel), all the ATA EUV channel images significant brightening from the
same location during P2, and P2, peaks (Figures 5.5(e)—(g); indicated by the red
and sky-colored arrows). Notably, during Phase 2 signatures of a second filament
(indicated by the green arrows in Figure 5.5(e), (g)) became prominent close to
the previously observed filament (indicated by white arrows in Figure 5.5(e), (g)
and also in Figures 5.5(b)-(d)). At ~05:06 UT, the first filament underwent ac-
tivation which marked the onset of the M-class flare. During the process of the
activation, the appearance of the filament changed from absorption to emission
lines suggesting the rapid enhancement of its temperature. With the evolution of
the impulsive phase, the filament initially displayed a brief eruptive motion and
extended spatially along its length. However, the eruption of the filament came to
an halt within ~2 min resulting in the formation of a complex intertwined struc-
ture consisting of both the activated filaments. The peak phase of the flare was
characterized by the intense emission from the initial location of the small filament
as well as from the intertwined activate-filament structure. Notably, during this
time we further observed quite intense emission from a second location situated
remotely to the north of the filaments (indicated by the sky-colored arrows in Fig-
ures 5.5(k) and (m)). A summary of the different evolutionary phases is provided

in Table 5.1.

5.4.1 Episoidic Energy Release at Null Point Topology

Comparison of Figures 5.4(a) and (b) readily suggests that the pre-flare flux peaks
were more in agreement with hot AIA channel intensity variations (i.e., 94 and

131 A) compared to the low temperature channels (i.e., 304 and 171 A). There-
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Table 5.1: Summary of the pre- to postflare evolution of NOAA 11302 on 2011

September 26

Sr. Phase Flux Time Remarks
No. Peaks (=~ UT)
Brightening in compact loop
P1, 04:08 system associated with coronal
P1, 04:17  null point topology. = RHESSI
Phase 1 P13 04:21  missed observation of P1; due
1 (04:04 UT — 04:39 UT) Ply  04:24  to ‘RHESSI night’.  Localized
P1s 04:32 RHESSI sources within the en-
Plg 04:36  ergy range 3-25 keV from at the
location during subsequent SXR
peaks.
Highly compact X-ray sources up
Phase 2 P2, 04:41  to =25 keV energy from the lo-
5 (04:39 UT - 04:53 UT) P2, 04:44  cation of null‘ point.  Eruption
P23 04:49  of small loop-like structures from
P2y 04:52  the null point configuration dur-

ing P2, and P2,.

3 Impulsive

(05:06 UT - 05:08 UT)

Activation and failed eruption of
one filament. Development of in-
tertwined double-decker flux rope
system. X-ray sources up to en-
ergy ~50 keV from the location
of the activated filaments.

Gradual
(05:08 UT - 05:13 UT)

Brightening of a highly structured
loop system. Intense EUV emis-
sion from flare ribbons and post-
reconnection loop arcade. Mul-
tiple ribbon-like brightening from
regions situated north of the core
flaring location.

fore, in order to have a thorough understanding of the activities during Phase 1

and Phase 2, we examine the AIA 131 A images (shown in Figures 5.6 and 5.7,

respectively). From these figures, it becomes clear that repetitive X-ray/EUV

peaks during Phases 1 and 2 were essentially linked with an episodic, impulsive

brightening of the compact loop structure which was formed by a quadrupolar

configuration involving a null point (see Figure 5.3(¢)).

In Figure 5.6(a), the bright loops are highlighted by the red dashed curves while
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Figure 5.6: Evolution of Phase 1 in the ATIA 131 A channel. The red dotted curves
in panel (a) indicate the coronal loops involved in the null point topology, during
the different flux peaks of Phase 1 (i.e., P1;—P1;). Contours of a co-temporal HMI
LOS Magnetograms are overplotted in panel (a). Contour levels are £[400, 1400]
G. Yellow and purple contours refer to positive and negative field, respectively.
Co-temporal RHESSI contours of 3-6 keV (white), 6-12 keV (yellow), and 12-25
keV (pink) energy bands are plotted over panels (b)—(f). Contour levels are 55%,
75%, and 95% of the corresponding peak flux.
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the co-temporal LOS magnetogram is overplotted with contours. A comparison
between the HMI contours and the dashed curves confirms that the bright coronal
loops were connecting different opposite polarity regions of the central sunspot
group (see also Figures 5.3(b), (d)). This compact location was associated with
clear X-ray sources up to 25 keV during the subsequent peaks of Phase 1 i.e., P1o—
Plg. Interestingly, although this compact location underwent continuous X-ray
emission and enhanced EUV brightening, the apparent magnetic configuration of
the structure remained mostly unchanged. The loop brightness from the compact
system significantly increased during Phase 2 (Figure 5.7; see also (Figure 5.4(b)).
Further, during this phase, RHESSI sources became more compact compared to
Phase 1 and emissions were noted in higher energies (12-25 keV) which strongly
suggest that reconnection activities at the null-point were more energetic during
Phase 2 in comparison to Phase 1. As a consequence of null point reconnection, we
observed eruptions of small loop-like structures from the compact system during
the X-ray peaks of Phase 2 (indicated by the yellow arrows in Figures 5.7(b) and
(c)) which can be explained as the restructuring of the magnetic configuration in

the vicinity of the null point.

5.4.2 Failed Eruption of the Filament and Associated M4.0

Flare

After a prolonged pre-flare period characterized by repetitive small-scale events of
energy release, the main flare of GOES class M4.0 initiated at ~05:06 UT. Figure
5.8 presents a series of representative AIA 94 A images displaying the evolution
of the core region during the impulsive and gradual phase of the flare. Notably,
prior to the onset of the flare, ATA 94 A images, which samples the solar corona
in high temperature (=6 MK), showed faint signatures of the filament. However,
with the onset of the flare, the filament underwent activation and we observed
bright emission along a narrow but elongated stretch beneath the entire length
of the filament (indicated by the black arrow in Figure 5.8(b)). The impulsive
phase of the flare was characterized by a brief eruption of the filament toward
the projected eastern direction (shown by red arrows in Figures 5.8(b)—(e)). The

flaring location was associated with strong X-ray sources up to energy ~50 keV
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Figure 5.7: Evolution of Phase 2 in AIA 131 A channel. Panels (a), (c), (e),
and (f) are during P2,-P2, peaks, respectively. Contours of co-temporal RHESSI
sources in 3-6 keV (white), 6-12 keV (yellow) and 12-25 keV (pink) energy bands
are plotted in selected panels. Contour levels are 55%, 75%, and 95% of the
corresponding peak flux. Yellow arrows in panels (b) and (c) indicate small-loop
like erupting structures. The red arrow in panel (e) indicate the filament which
underwent activation during the M-class flare.
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which were mostly concentrated around the initial location of the flare. After the
brief phase of eruption, as the flare moved into the gradual phase, the filament
interacted with a set of closed low-coronal loops lying above the core region. This
low-coronal loop system connected the negative polarity regions of the central
sunspot region to the dispersed positive polarity region situated to the north of the
central sunspot group (cf. the loop system indicated by the blue arrow in Figure
5.8(f) with the HMI LOS magnetogram contours). Interaction of the erupting
flux rope with the low-coronal loop system most likely ceased the eruption of the
filament leading the flare in the ‘failed eruptive’ category. The gradual phase of
the flare was characterized by significant brightening of the loop-system as well
as intense EUV emission from the post-reconnection arcade during the gradual
phase.

For investigating the activities at the lower atmospheric layers of the Sun during
the flare, we looked into the AIA 304 A images (Figure 5.9). In these images, we
readily noted impressions of two clear filaments prior to the onset of the flare,
which were spatially well separated (indicated by the yellow arrows in Figure
5.9(a)). During the impulsive phase, which was characterized by the brief eruption
of one filament, we observed intense emission from the core location of the flaring
region (Figures 5.9(b)—(c)). As the flare moved into the gradual phase, both the
filaments got activated and composed an intertwined structure that resembled a
double-decker flux rope system. In Figure 5.9(d), we indicate the two hot filaments
of the double-decker configuration by the green and sky-colored arrows. During
the gradual phase, the double-decker structure slowly reduced in spatial extent
(indicated by the yellow arrows in Figure 5.9(e)) and a post-reconnection arcade
was developed (within the green dashed box in Figure 5.9(f)).

During the peak phase, formation of a few ribbon-like brightening from re-
gions north to the filament is noteworthy (indicated by the white arrows in Figure
5.9(d)). Emission from these structures significantly increased during the gradual
phase. We carried out topological analysis in order to investigate the physical
connections of these extended brightenings with the flaring processes which is pre-

sented in Section 5.5.1.
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Figure 5.8: Series of ATA 94 A images depicting the evolution of the M-class flare.
The black arrow in panel (b) indicate the localized brightening suggesting the onset
of the flare. The red arrows in panels (a)—(e) indicate the filament during different
phases of its failed eruption. The black arrow in panel (f) indicate emission from
the flare arcade. The blue arrow in panel (f) indicate highly structured coronal
loops overlying the post-reconnection arcade. Contours of HMI LOS magnetogram
are overplotted in panel (f). Contour levels are (500, 1500) G. Yellow and pink
contours refer to positive and negative flux, respectively. Contours of co-temporal
RHESSI sources in 3-6 keV (pink), 6-12 keV (yellow), 12-25 keV (red), and 25-50
keV (blue) energy bands are plotted in selected panels. Contour levels are 50%,
80%, and 95% of the corresponding peak flux.
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Figure 5.9: Series of ATA 304 A images depicting the evolution of the M-class
flare. The yellow arrows in panel (a) indicate the two filaments prior to the onset
of the flare. The sky-blue and green arrows in panel (d) indicate the two filaments
during the peak phase of the flare. The yellow arrows in panel (e) indicate the two
filaments after the failed eruption. The green dashed box in panel (f) outline the
core region during the gradual phase of the flare where intense emission from the
flare ribbons and post-reconnection arcade can be identified. The white arrows in
panels (d)—(f) indicate ribbon-like brightenings observed during the gradual phase
of the flare. Contours of HMI LOS magnetogram are overplotted in panel (c).
Contour levels are (500, 1500) G. Green and blue contours refer to positive and
negative flux, respectively.
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5.5 Coronal Magnetic Field Modeling

5.5.1 Pre-flare Coronal Configuration and Post-flare ar-

cade

Figure 5.10 presents NLFFF-extrapolated coronal field lines associated with NOAA
11302 prior to the onset of the M4.0 flare. For the extrapolation, we used the fol-
lowing values of the free parameters (see Chapter 2.3.2):

v =0.01; Wios = 1 Wirans = macta™—;

p1 = o = 1; pus = 0.001; wg = 0.01.

The residual errors assessing the NLFFF solutions were obtained as follows:

< |fi] >=4.06 x 107%; 0, = 6.76°

In order to compare the NLFFF-extrapolation results with the co-temporal
coronal loops observed in EUV images, co-temporal LOS magnetogram and ATA
171 A image of the AR are plotted in Figures 5.10(a) and (b), respectively. From
the HMI LOS magnetogram contours plotted on top of AIA 171 A image (Figure
5.10(b)), it becomes clear that the filament was situated along the PIL within
the central sunspot region. Further, we note a set of large coronal loops that
extended upto high coronal heights, which are indicated by the sky-colored arrows.
Further, the presence of a different filament within the AR is also noteworthy which
remained uninvolved in the reported flaring activity. In Figure 5.10(b), this second
filament is indicated by a black arrow.

NLFFF-modeled coronal magnetic lines showed excellent agreement with the
observed coronal loops (Figure 5.10(c)). The sky-colored modeled lines correlate
well with the large scale coronal loops observed in AIA 171 A images (indicated
by the sky-colored arrows in Figure 5.10(b)) while the flux rope shown by light
yellow color in Figure 5.10(d) represents the magnetic configuration of the filament
indicated by the black arrow in 5.10(b) which is further demonstrated by AIA 304
A image in the background of Figure 5.10(d). The flux ropes shown by yellow and
pink color constitute a double-decker flux rope which is exactly co-spatial with the
two filament observed during the M4.0 flare, while, the yellow colored flux rope
underwent the failed eruption. The quadrupolar coronal configuration associated

with the central sunspot group is shown by blue colored lines.

Prabir Kumar Mitra Gujarat University 2022 149



Chapter 5. Flux Rope Confinement in Quadrupolar Coronal Configuration

HMI Mag. 26—Sep—2011 04:58:20 UT

@~ %

AlA 171 26—5Sep—2011 04:58:00 UT

¥ (arcsec)

=650 =600 =550 =500 =450 =400 =650 =600 =550 =500 =450 =400
% {arcsec) X {arcsec)

Figure 5.10: Panel (a): HMI LOS magnetogram of NOAA 11302. Panel (b): Co-
temporal ATIA 171 A image. The flaring region is outlined by the white box. The
sky-blue colored arrows indicate a set of large, high-lying coronal loops above the
flaring region. Contours of the LOS magnetograms are plotted over the AIA 171
A image at levels of +[500, 1000, 1500] G. Red and cyan contours refer to positive
and negative polarities, respectively. Panel (¢): NLFFF-extrapolated magnetic
field lines showing the important coronal connectivities in the overall active region.
In panels (d)—(f), we show only the model field lines in the flaring region. The
bright yellow and pink lines represent two flux ropes. The northern part of the
flux rope shown by bright yellow, was enveloped by the blue lines. A set of field
lines (shown by green color) situated to the north of the flux rope shown in bright
yellow, was associated with a high squashing factor. The sky-colored patch in
panels (d)—(f) within the region of green lines is characterized by log(Q) = 3.
The light yellow lines in panels (d) and (e) represent another flux rope which was
present in the active region but did not take part in the flaring activity. In panel
(f), we show the same model coronal loops except the blue and light yellow lines for
better visualization of the green lines. The color template used in the background
magnetograms is same as in Figure 5.3(b). Background of panel (d) is ATA 304
A image. The reddish colored patches over the background in panels (e)—(f) is
characterized by log(Q)) = 2. The red curve in panel (a) approximately denotes
the axis of the bright-yellow flux rope, which is used for the magnetic decay index
analysis shown in Figure 5.12.
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Here we recall that, we observed multiple ribbon-like brightenings during the
gradual phase of the flare, which were situated to the north of the core region
(indicated by the white arrow in Figure 5.9(f); Section 5.4.2). Notably, the foot-
points of the green colored modeled lines match well with the extended ribbon-like
brightening (Figure 5.10(d)). Further, few of the green lines, exactly above the
northern leg of the flux rope shown in bright yellow, was characterized by high val-
ues of the squashing factor (log(Q)) = 3) which is represented by the sky-colored
patch in Figures 5.10(d)—(f). In general, the footpoints of the green lines were
associated with high ) values which is evident from the background red colored
patches representing log(Q)) = 2, in Figures 5.10(e)—(f).

Different panels of Figure 5.11 show the association of the double-decker flux
ropes and the quadrupolar coronal configuration from different viewing angles.
The configuration, from the top view (Figure 5.11(a)), clearly reveals that the null
point (indicated by the red arrow in Figures 5.11(a)) was situated above only the
yellow colored flux rope. The null point is further indicated by the orange arrow
in Figure 5.11(b) and by the black arrow in Figure 5.11(c). Notably, for a better
visualization, we have shown the different coronal magnetic model lines associated
with the quadrupolar configuration in different colors. Here, we remember that,
during a gradual phase of the flare as the eruption of the filament came to a
halt, a set of relatively large coronal loops became very bright (indicated by the
blue arrow in Figure 5.8(f)), which seems to be well manifested by the sky-blue
colored model lines shown in Figure 5.11(d). Therefore, we believe that during the
impulsive phase of the flare, the bright yellow flux rope, while erupting toward east,
most likely interacted with the sly-blue colored lines, giving rise to the enhanced

emission from the highly structured lines.

5.5.2 Decay Index and Twist Number

In order to investigate the coronal condition responsible for the failed eruption, we
calculated the magnetic decay index (n) within the extrapolation volume. Theo-
retically, if a current ring of major radius R is embedded in an external magnetic
field, then the ring experiences a radially outward ‘hoop force’, because of its cur-

vature (see Myers et al., 2016). In stable condition, this hoop force is balanced by

Prabir Kumar Mitra Gujarat University 2022 151



Chapter 5. Flux Rope Confinement in Quadrupolar Coronal Configuration

Figure 5.11: Modeled coronal configuration involved in the pre-flare activities and
the M-class flare including the two flux ropes (shown in bright yellow and pink
color) and the low-coronal closed loops connecting the multi-polar photospheric
configuration (shown in blue color in panels (a), (b), (d) and in multiple colors in
panel (c)). The northern leg of the yellow-colored flux rope is indicated by the red
arrows in panels (a). The red-colored patch within the blue lines (also indicated by
the orange arrow in panel (b)) is characterized by log(Q) = 8.5 which represents a
coronal null point. The green arrow in panel (a) indicate the approximate location
of the null point. In panel (c), only the representative magnetic lines involved in the
null point configuration are shown. For a better representation, the four domains
of magnetic field lines are shown in different colors. The black arrow indicates the
null point. The sky-colored lines in panel (d) represent the set of coronal loops
that intensified during the gradual phase of the flare (indicated by the blue arrow
in Figure 5.8(f)). The color template used in the background magnetograms is
same as in Figure 5.3(b).

the inwardly directed Lorentz force. If the Lorentz force due to the external field
decreases faster with R than the hoop force, the system becomes unstable due to
the torus instability (Bateman, 1978). The decay rate of the external magnetic
field is quantified by the magnetic decay index (n). Considering the fact that the
toroidal component (directed along the axis of the flux rope) of magnetic field
does not contribute to the strapping force (see Myers et al., 2015), in the ideal

current-wire approach, the magnetic decay index is calculated as
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dlog(B,)
~ dlog(h)

(5.1)

where B, is the external poloidal field (along the transverse direction of the flux
rope axis) and h is the height.

However, in reality, flux ropes are observed to significantly differ from the
simplified shape of a semi-circular current-wire (Démoulin & Aulanier, 2010). In
view of this, we first manually determined the approximate 2D projected flux rope
axis on the photosphere which is shown by the red curve in Figure 5.10(a). The
3D magnetic field vector at each pixel on the vertical surface above the axis were
then decomposed into two components: along the direction of the axis i.e., the
toroidal component; and perpendicular to the axis i.e., the poloidal component.
This perpendicular component was used in Equation 5.1 for the computation of
the magnetic decay index.

The distribution of the magnetic decay index (Figure 5.12) suggests the pres-
ence of an extended region of high magnetic decay index within a very low height
above the flux rope (depicted by the red colored patch in Figure 5.12(a)). This re-
gion of high decay index was immediately enveloped by a relatively more extended
region where the decay index rapidly decreased reaching to values as low as ~—3
(the region shown in blue in Figure 5.12(a)) above which the value of decay index
steadily increased and reached to 1.5 again at a quite high coronal layer (indicated
by the yellow curve in the top portion of Figure 5.12(a)). In Figure 5.12(b), we
show the variation of the decay index averaged over the length of the axis of the
double-decker filament with height, which reveals that the average value of decay
index in the high corona reached the values of 1.0 and 1.5 at heights of ~43 Mm
and ~64 Mm, respectively.

In order to explore the applicability of kink instability as the triggering mech-
anism of the flux ropes, we computed the twist number within the extrapolation
volume using the IDL-based code developed by Liu et al. (2016b). The twist
number (7,; Berger & Prior, 2006) associated with a flux rope is defined as

(Vx B)-B
=222 2
Tw /L w4 (5:2)
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Figure 5.12: Panel (a): Distribution of magnetic decay index with height above
the axis of the yellow-colored flux rope (indicated by the red curve in Figure
5.10(a)). The yellow curves refer to n=1.5. The variation of decay index with
height, averaged over the flux rope axis, is shown in panel (b). The green and
red dotted lines indicate the critical heights corresponding to n=1.0 and n=1.5,
respectively. The blue and sky-colored dash-dotted lines indicate the maximum
heights of the yellow and pink-colored flux ropes, respectively.

where L denotes the length of the flux rope. Our calculations suggest that both

the flux ropes in the double-decker flux rope system were associated with a positive
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twist. The average value of twist number associated with the yellow and pink flux
ropes were found to be ~1.5 and ~1.7, respectively. A statistical survey conducted
by Duan et al. (2019) revealed the critical value of |7,| for kink instability to be
2 which suggests kink instability was not responsible for the activation of the

filament during the onset of the M4.0 flare.

5.6 Discussion

In this chapter, we have presented a detailed multi-wavelength analysis of the
triggering and evolution of an M-class flare from NOAA 11302 and investigate the
probable causes of the failed filament eruption associated with it. The AR was
comprised of three prominent and distinct sunspot groups arranged in a linear
manner. The central sunspot group, despite being the smallest among the three,
was the only bipolar region and contained d-spots (Figure 5.3). Notably, the
reported flare occurred from this sunspot group.

The M-class flare was characterized by the initial triggering and eventual failed
eruption of a filament. Although, one filament underwent the failed eruption, we
identified clear signatures of two distinct filaments in the flaring region prior to the
onset of the M-class flare (Figure 5.5, 5.9(a)). During the impulsive phase of the
flare, both filaments got activated, extended spatially and developed into a com-
plex structure where both the filaments were intertwined with each other (Figure
5.5(k)—(m), 5.9(d)). NLFFF-reconstructed coronal magnetic fields revealed the
presence of two flux ropes at the flaring region, in a double-decker configuration.
The contemporary concept of double-decker flux rope system was first reported
by Liu et al. (2012b) and only a handful of articles have reported such complex
structures since then (e.g., Cheng et al., 2014a; Kliem et al., 2014; Dhakal et al.,
2018; Wang et al., 2018; Tian et al., 2018; Awasthi et al., 2019; Zheng et al., 2019;
Mitra et al., 2020b; Mitra & Joshi, 2021). Despite the small number of reportings,
double-decker flux rope systems can be mostly divided into two categories. While
most of the reported double-decker flux rope systems were identified as two ver-
tically well separated filaments with one of them undergoing eruption (e.g., Liu

et al., 2012b; Dhakal et al., 2018; Tian et al., 2018; Awasthi et al., 2019; Zheng
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et al., 2019), the second category comprises complex pre-flare sigmoidal structures
involving intertwined flux ropes (Cheng et al., 2014a; Mitra et al., 2020b; Mitra &
Joshi, 2021). In the first category, triggering and eruption of flux ropes are gener-
ally caused by photospheric activity i.e., shearing and /or rotating motion. Further,
in this case, the activation of one flux rope in the double-decker system may or
may not influence the stability of the other flux rope (see e.g., Liu et al., 2012b).
On the other hand, in the case of intertwined flux ropes, interaction between the
two flux ropes mostly cause activation and eruption of the system. Although,
the two filaments observed in this study were spatially well separated during the
pre-flare phase, they extended longitudinally and got intertwined with each other
during the impulsive phase. Further, the onset of the flare in this case, followed
clear pre-flare activities occurring at a separate location than the filaments, which
were identified in the SXR flux evolution and the ATA EUV imaging observations.
In view of this, the double-decker system, reported in this study, seems to have
characteristics of both the categories of double-decker systems discussed above.
Such complex and intriguing behavior of magnetic flux ropes challenges our gen-
eral understanding of solar magnetic fields and their evolution during transient
activities.

We observed multiple episodes of flux enhancements in the SXR wavelengths
prior to the onset of the flare (Figure 5.4). Comparison of SXR lightcurves with
EUV images of the AR revealed that the pre-flare flux enhancements originated
in the form of a localized brightening from a location situated above the northern
footpoints of the filaments. NLFFF-modeled field lines revealed a quadrupolar
coronal configuration at the same location, that included a coronal null point
(Figures 5.3(e), 5.11). Such a pre-flare coronal configuration is in agreement with
the scenario prescribed in the breakout model of solar eruptions (Antiochos et al.,
1999; Karpen et al., 2012). According to this model, small-scale pre-flare recon-
nection at the null point will remove the overlying constraining magnetic flux by
reconfiguring them into ‘side lobe magnetic flux’ (see Figure 1 in Karpen et al.,
2012). In view of this, we interpret the observed pre-flare episodic brightening of
the coronal loops associated with the null point to be observational evidences of

the breakout model for the activation of the flux rope.
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We identified the location of the null point by pointing out the location of the
highest value of the degree of squashing factor (@Q). Null points are essentially
singular points in the corona where all the components of magnetic field vanishes
(Aschwanden, 2005). Theoretically, a null point can be characterized by @) — oo as
it works as a separator between different topological domains of magnetic field (see
e.g., Longcope & Klapper, 2002). However, numerical techniques used to calculate
Q-values will always return finite values, thus we can expect a coronal null point
to be associated with high degree of @-values (Pariat & Démoulin, 2012). In a
number of studies concerning coronal null points and their evolution, the coronal
null points were found to be associated with a wide range of Q-values (~10*-10'2;
see, Yang et al., 2015; Liu et al., 2020; Qiu et al., 2020; Prasad et al., 2020). In
the present study, the null point was observed to be associated with a value of
Q ~10%5. Regions with smaller ) are identified as ‘Quasi-separatrix layers’ (QSL;
Aulanier et al., 2006). Notably, we observed multiple ribbon-like brightenings from
the locations to the north of the main flaring region during the gradual phase of
the M-class flare (Figure 5.9(d)—(f)). Model coronal configuration suggested the
presence of a set of coronal loops which connected the locations of the remote
ribobn-brightenings to the northern footpoint region of the flux rope (shown by
the green colored lines in Figures 5.10(d)—(f)). Our calculation further revealed
high @-values associated with the green model lines (Figure 5.10(d)—(f)). These
observations are suggestive that the remote brightenings during the M-class flare
were the observational manifestations of slip-running reconnection influenced by
the QSLs.

The most important aspect of this study was to investigate the probable causes
of the failed eruption of the activated flux rope. Our analysis of decay index (n)
readily revealed the presence of a high-n region only a few Mm above the flux
rope, extending over the entire length of its axis (Figure 5.12). This suggests high
influence of torus instability toward the eruption of the flux rope. However, the
coronal configuration above the flux rope was characterized by the presence of a
null point (Figure 5.11). Magnetic field is expected to undergo strong decay below
null points leading to higher values of magnetic decay index. However, the decay

index profile of the height range ~7-20 Mm above the flux ropes (Figure 5.12(a))

Prabir Kumar Mitra Gujarat University 2022 157



Chapter 5. Flux Rope Confinement in Quadrupolar Coronal Configuration

presented a very interesting scenario, where the value of n was negative. The
specific cases, in which the variations of decay index with height is characterized
by initial increase of n followed by a rapid decay and steady increase of it afterward,
are referred to as ‘saddle’-like profiles (Wang et al., 2017a). Such saddle-like profiles
of the decay index produces a favorable condition for failed eruption of flux ropes
since the toroidal strapping force (responsible to constraint the erupting magnetic
structure) increases in height after an initial decrease (see e.g., Wang et al., 2017a;
Filippov, 2020b). However, a number of studies have reported successful eruption
of flux ropes despite the coronal decay index profile being saddle-like (e.g., Cheng
et al., 2011; Wang et al., 2017a; Filippov, 2020a) suggesting the involvement of
other factors towards such successful eruption. Among a number of parameters
such as, Lorentz force, non-potentiality of the source region etc., the value of
decay index in the saddle bottom is believed to be important in determining the
eruption profile of flux ropes (Liu et al., 2018b). Inoue et al. (2018) investigated a
successful flux rope eruption through a saddle-like decay index profile by numerical
simulation and found that the feedback relation between the eruption of the flux
rope and reconnection rate beneath it, enabled the flux rope to pass through the
torus stable zone. The event reported in this chapter presents a good example of a
failed eruption due to a saddle-like decay index profile of the corona above the flux
rope. We recognize the specialty of this event to be the presence of the negative
decay index region above the torus unstable zone within a low height (<20 Mm;
Figures 5.12(c), (e)), which is rarely observed (see Filippov, 2020a). The negative
value of the magnetic decay index not only decelerated the eruption of the flux
rope but also repelled it back downward resulting the failed eruption during the

event.

5.7 Concluding remarks

The present study explores an intriguing case of the failed eruption of a ‘torus
unstable’ complex double-decker flux rope system. We show that the continuation
of a flux rope eruption against the overlying coronal fields is essentially controlled

by the extended decay index profile characterizing the strength of strapping field
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through the larger coronal heights above the flux rope axis. Investigations on the
failed eruptions of flux ropes, especially the torus unstable ones, are crucial for
predicting the occurrence of CME and subsequent space weather forecast. In this
context, in addition to classical torus instability, some additional factors have been
assessed to understand the cause of the failed eruption which are worth discussing
(Myers et al., 2015; Zhong et al., 2021). Based on the results of laboratory exper-
iment, Myers et al. (2015) found that the failed eruption can also occur when the
guide magnetic field i.e., the toroidal field (the ambient field that runs along the
flux rope) is strong enough to prevent the flux rope from kinking. Under these
conditions, the guide field interacts with electric currents in the flux rope to pro-
duce a dynamic toroidal field tension force that halts the eruption. The study by
Zhong et al. (2021) presents a data-driven magnetohydrodynamic simulation for a
confined eruption. They showed a Lorentz force component, resulting from the ra-
dial magnetic field or the non-axisymmetry of the flux rope, which can essentially
constrain the eruption. In the light of above studies and our work, we understand
that the ultimate fate of solar eruptions is determined by a complex interplay of

coronal magnetic fields involving the magnetic flux rope, core and envelope fields.
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Chapter 6

Magnetic Characteristics and

Onset of Eruption in o-sunspot

Region NOAA 12673

6.1 Introduction

Ever since the first observation of solar flare by Carrington (1859) and the discovery
of magnetic field in the sunspots by Hale (1908), the close relationship between
the production of solar flares and the magnetic characteristics of ARs has been
extensively discussed and investigated (Toriumi & Wang, 2019). After a meticulous
investigation over the years, an understanding has been developed: some ARs are
particularly high flare productive and few ARs are ‘flare-quiet’. Statistical studies
have shown that the most flare productive ARs are usually associated with the
‘0-spots’ (Jaeggli & Norton, 2016). Therefore, a few questions naturally develop
which include:

- What are the morphological and magnetic properties that enable only a few
ARs to be extremely flare productive?

- What are the properties responsible for different flare energetics originating
from the same AR?

NOAA 12673 was one of the most flare productive solar ARs of cycle 24. It
underwent a rapid evolution in magnetic complexity which resulted in tremen-

dous flare productivity. Multi-instrument observations of NOAA 12673, coupled
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with modeling analysis of coronal magnetic fields, have provided us with a unique
opportunity to investigate various physical parameters that play vital role in the
onset of large flares and influence the early CME dynamics. Notably, NOAA
12673 produced the largest flare of the cycle, an X9.3 flare on 6 September 2017.
Interestingly, NOAA 12673 appeared on the eastern limb of the Sun as a simple
unipolar sunspot. However, it quickly evolved into the most complex type and
produced a series of large eruptive flares. Being one of the most flare productive
AR of the solar cycle 24, NOAA 12673 was subjected to extensive investigations
focusing on multiple aspects including case studies of a few flares as well as the
long term evolution of the AR itself (see e.g., Yang et al., 2017; Gary et al., 2018;
Guo et al., 2018; Hou et al., 2018; Liu et al., 2018a,d, 2019; Mitra et al., 2018;
Romano et al., 2018, 2019; Seaton & Darnel, 2018; Verma, 2018; Veronig et al.,
2018; Moraitis et al., 2019; Duan et al., 2019; Li et al., 2019; Chen et al., 2020). In
this chapter, we thoroughly investigate the evolution and magnetic characteristics
of NOAA 12673. We briefly examine the evolutions of two homologous X-class
flares on 6 September 2017 and corresponding coronal magnetic field configura-
tions. We further present detailed multi-wavelength analysis of two homologous

M-class eruptive flares originating from it on 7 September 2017.

6.2 Evolution of NOAA 12673

Figure 6.1 provides an overview of the transit of NOAA 12673 through the visible
hemisphere of the Sun. Figures 6.2 and 6.3 show the build up of the AR with a
better visualization. NOAA 12673 appeared on the eastern limb of the Sun on 28
August 2017 as a simple positive polarity sunspot. In view of its single unipolar
sunspot (Figure 6.2(a)), it was classified as an a-type AR. It remained a-type till
the late hours of 2 September (Figure 6.1(a), (b), also indicated by an arrow in
Figure 6.3(a)) following which we observed rapid flux emergence of both polarities
first from the south-eastern location of the sunspot (indicated by the oval shape
in Figure 6.3(b)) and then from the eastern and north-eastern sides on 3 Septem-
ber (Figure 6.3(c)). Accordingly, continuum images suggested appearance of a

few pores from the south eastern (Figure 6.2(b)) and north eastern sides (Figure
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Figure 6.1: Evolution of the active region NOAA 12673 through its transit over
the visible hemisphere of the Sun. The corresponding magnetic classification of
active region is noted in each panel.

6.2(c)). From 3 September onward, the AR experienced rapid flux emergence, re-
sulting the magnetic classification of the AR to move from « to S-category (Figure
6.1(c)). Importantly, the rate of flux emergence in this AR was greater than any
other known ARs (Sun & Norton, 2017). Along with rapid flux emergence, the AR
underwent continuous photospheric activity including shearing and rotational mo-
tion (Li et al., 2019) which led to rapid evolution of the AR to the 57y-category on 4
September (Figures 6.1(d), 6.2(d), 6.3(d)) and to the most complex Jvyd-category
on 5 September (Figures 6.1(e), 6.2(e), 6.3(e)). Flux emergence continued till 6
September following which we observed decay of the AR, although the magnetic
classification remained [gvyd-type till the completion of the AR’s transit through
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Figure 6.2: Series of HMI continuum images showing the build up and evolution
of the active region NOAA 12673. All the images were rotated to the co-ordinate
corresponding to 6 September 2017 12:00 UT.
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Figure 6.3: Series of HMI continuum images showing the build up and evolution
of the active region NOAA 12673. All the images were rotated to the co-ordinate
corresponding to 6 September 2017 12:00 UT. The arrow in panel (a) indicate the
positive polarity sunspot. The oval shape in panel (b) indicates the initial flux
emergence on 3 September 2017.

the visible hemisphere of the Sun (Figures 6.1(f)—(h), 6.2(f)—(h), 6.3(f)—(h)).
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6.3 Flaring activity from NOAA 12673

In total, NOAA 12673 produced 4 X-class and 27 M-class flares along with numer-
ous smaller events. In Table 6.1, a summary of the flares of GOES class M and
above is given. From Table 6.1 we find that the first M class flare from NOAA
12673 originated on 4 September 2017 suggesting that the AR remained flare quiet
for ~6 days after its appearance. Importantly, after producing the first M-class
flare, the AR produced 12 further M-class flares within 2 days before producing
the first X-class flare.

The first X-class flare from NOAA 12673 (GOES class X2.2; Verma, 2018;
Romano et al., 2018; Yan et al., 2018; Liu et al., 2018b; Mitra et al., 2018; Zou
et al., 2019) originated on 6 September and within ~3 hours after its initiation,
the AR produced the largest flare of the solar cycle 24, having GOES class X9.3
(Verma, 2018; Romano et al., 2018; Yan et al., 2018; Mitra et al., 2018; Zou et al.,
2020). After producing two X-class flares on 6 September, NOAA 12673 produced
two more X-class flares, one on 7 September 2017 and the last one on 10 September
2017. This extraordinary AR moved to the other side of the Sun on 10 September
2017 when the last X-class flare (of GOES class X8.2) was within the impulsive
phase (see e.g., Gary et al., 2018; Veronig et al., 2018; Reeves et al., 2020; Zhao
et al., 2021).

As we found from Figure 6.1, the AR started evolving from 3 September 2017
after a few initial days of very less apparent activities. Further, it moved too
close to the western limb of the Sun after 8 September 2017. Since, magnetic
field observation loses reliability close to the solar limb, our following analysis
were limited between 2 September and 8 September. In Figure 6.4, we plot the
disk-integrated SXR flux variation between 2 and 8 September to understand the
overall activity level from NOAA 12673. Notably, during the initial phase of the
AR’s transit, we observed the presence of one more AR (see Figure 6.1(a)—(d)).
However, during the most flaring phase, NOAA 12673 was the only AR on the solar
disk suggesting the SXR evolution was predominantly caused by NOAA 12673.

Figure 6.4 suggests that the background SXR level remained at a constant level
till 212:00 UT on 3 September 2017 despite multiple short-lived SXR peaks. We

denote this period as ‘Phase 1’ when the AR was devoid of any major activity
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Table 6.1: Summary of the large flares (GOES class M1 or above) originated from
the active region NOAA 12673

Flare =~ Date AR conf. Location Flare timing (UT) GOES
Id.  (Sep '17) Start/ Peak/ End class
Fy 4 By S10W04 05:36/ 05:49/ 06:05 M1.2
Fo S10W08 15:11/ 15:30/ 15:33 M1.5
F3 SO7TW11 18:05/ 18:22/ 18:31 M1.0
Fy S09W11 18:46/ 19:37/ 19:52 M1.7
Fs S10W11 19:59/ 20:02/ 20:06 M1.5
o S10W11 20:28/ 20:33/ 20:37 M5.5
F- S09W12 22:10/ 22:14/ 22:19 M1.7
Fg ) Byd S09W14 01:03/ 01:08/ 01:11 M4.2
Fy SO9W15 03:42/ 03:51/ 04:04 M1.0
Fio S11W18 04:33/ 04:53/ 05:07 M3.2
Fyy S11W19 06:33/ 06:40/ 06:43 M3.8
Fiy S10W23 17:37/ 17:43/ 17:51 M1.5
Fis 6 Byo S08W32 08:57/ 09:10/ 09:17 X2.2
Fuy SO9W34 11:53/ 12:02/ 12:10 X9.3
Fi5 S08W36 15:51/ 15:56/ 16:03 M2.5
Frg SOSW38 19:21/ 19:30/ 19:35 M1.4
Fir SO8W40 93:33/ 23:39/ 23:44 M1.2
Fig 7 Byo S08W44 04:59/ 05:02/ 05:08 M2.4
Fig S07TW46 09:49/ 09:54/ 09:58 M1.4
Fao S07TW46 10:11/ 10:15/ 10:18 M7.3
Fo SO8W48 14:20/ 14:36/ 14:55 X1.3
Fas SIIW54  23:50/ 23:59/ 00:14 (8 Sep)  M3.9
Fs 8 Bys  SO9OWS55 02:19/ 02:24/ 02:29 ML1.3
Foy S07TW55 03:39/ 03:43/ 03:45 M1.2
Fos S09W57 07:40/ 07:49/ 07:58 MS8.1
Fag S09W63 15:09/ 15:47/ 16:04 M2.9
Faor SOSW69 93:33/ 23:44/ 23:56 M2.1
Fog 9 Byd S11W70 04:14/ 04:28/ 04:43 M1.1
Fog SO8W74 11:50/ 11:04/ 11:42 M3.7
F3 S09W88  22:04/ 23:53/ 01:30 (10 Sep) M1.2
Fa; 10 Byo SO8WS88 15:35/ 16:06/ 16:31 X8.2

(Figure 6.4) The background SXR level steadily increased from ~12:00 UT on 3
September till ~20:00 UT on 4 September till the onset of the M5.5 flare. This
period can be classified as ‘Phase 2’ when the AR underwent rapid flux emergence
(Figure 6.3) and became magnetically complex which led to the overall increase
in SXR emission. Following the M5.5 flare, we observed a temporary decay in the
GOES background flux till ~06:00 UT on 6 September. This period is referred as
‘Phase 3’. After this time, SXR emission from the AR rapidly increased leading
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Figure 6.4: GOES SXR flux in the 1-8 A (blue) and 0.54 A (red) channels
showing the occurrence of the flares during 2-8 September 2017. On the basis of
the background SXR trend, the entire duration has been divided into four phases.

to the onset of the two X-class flares on 6 September 2017. This period can be
classified as ‘Phase 4’ which is characterized as the most flare productive period
of NOAA 12673.

EUV images of the AR provided important insights in the context of coronal
magnetic field configuration of the AR during its different phases (Figure 6.5). ATA
EUV channels at different sampling temperatures suggested significant spatial ex-
tension of the AR toward developing into a sigmoid structure, over the course of
the AR’s lifetime. Interestingly, during Phase 2 (second column in Figure 6.5), a
highly localized region situated around the central part of the sigmoid displayed
the most intense EUV emission (indicated by the black arrow in Figure 6.5(b)).
However, during Phase 4, we observed intense emission from the entire sigmoidal
structure (last column of Figure 6.5). In the following section, employing photo-
spheric longitudinal current maps, we investigate the evolution of NOAA 12673

and explore the reasons for the higher flare productivity.
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Figure 6.5: Representative AIA 94 A (top row), 171 A (middle row), and 131
A (bottom row) images showing the EUV evolution of the active region during
different activity phases of the active region. The four columns correspond to the
four phases respectively.

6.4 Evolution of longitudinal current maps

The vertical component of photospheric current density (j,) is computed by taking
the 2D curl of the horizontal components of magnetic field (see Equation 3.1).
Photospheric current (1,) is derived from current density (j.) by multiplying j,
with the area of one pixel (213.14x10'° m? for HMI vector magnetograms of the
‘hmi.sharp_cea_720s’ series).

In Figure 6.6, we plot the I,-maps of NOAA 12673 during Phase 1. We remem-
ber that, during the major part of this phase, the AR was mostly consisted of a
unipolar sunspot (Figures 6.1, 6.2, 6.3). Consequently, I,-maps did not reveal any
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Figure 6.6: Panel (a): GOES 1-8 A (blue curve) and 0.5-4 A (red curve) showing
the temporal evolution of the active region NOAA 12673 between 2-7 September
2017. Only Phase 1 is not gray-shaded. Panels (b)—(g): I,-maps of NOAA 12673
during six representative intervals showing the evolution of longitudinal photo-
spheric current during Phase 1. The time-stamps of the I,-maps are indicated in
Panel (a) by six dotted lines.
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strong current location on the AR (Figure 6.6(b); the sunspot area is outlined by
the red dash-dotted circle). As the AR underwent rapid flux emergence during the
later part of Phase 1, we observe gradual accumulation of current at the locations
of flux emergence. Interestingly, the values of maximum and minimum longitu-
dinal photospheric currents increased by ~4 and ~3 times, respectively, during
Phase 1 (cf., Figures 6.6(b) and (g)). We have highlighted different locations of
current formations by oval shapes in the different panels of Figure 6.6.

Although, the values of current increased significantly by the end of Phase
1, the I,-maps did not reveal any mention-worthy current-structures in Phase 1.
During Phase 2, we observed development of a few interesting structures composed
of strong photospheric currents (Figure 6.7). As flux emergence occurred to the
eastern direction of the positive polarity sunspot (indicated by the black arrow on
the I, map in Figure 6.7(a)), it is expected that the photospheric strong current
regions would also develop on the eastern part of the AR. The most noticeable
development in the I,-maps of NOAA 12673 during Phase 2 was in the form of an
elongated negative ribbon-like current structure (indicated by the brown arrows in
Figures 6.7(c)—(g)). Apart from this ‘current ribbon’ structure, we observed the
development of opposite polarity currents in a close proximity over a localized area
at the eastern part of the AR (indicated by the black arrows in Figures 6.7(e)—(g);
cf., this location with the location indicated by the pink arrow in Figure 6.7(b)).

NOAA 12673 moved into Phase 3 following the M5.5 flare which initiated at
~20:28 UT on 4 September 2017. As expected, complex arrangements of strong
photospheric currents decreased after the impulsive phase of the M5.5 flare (cf.,
Figure 6.7(g) and Figure 6.8(b)). However, since flux emergence continued during
this phase, we observed important evolution of photospheric longitudinal currents
in the I,-maps of Phase 3 (Figure 6.8). The location of mixed current directions
(indicated by black arrow in Figure 6.8(b)) underwent through constant develop-
ment of positive current while the negative current remained mostly consistent
(indicated by black arrows in Figures 6.8(c), (d), (f)). The location indicated
by the blue arrows in Figures 6.8(b), (¢) and (e) is also noteworthy. Here, we
observed initial development of currents of both signs which seem to underwent

decay afterward. Further, the thickness of the elongated negative current structure

170 Gujarat University 2022 Prabir Kumar Mitra



6.4. Evolution of longitudinal current maps

& 1078 —————— GOES 1-8 A& I (a)
IE 1074 — GOES U4.5-4:A:: ::

= 107 |
S0 i
X _7

02 03 04 05 06 07

Sep Sep Sep Sep Sep Sep
Start Time (02—Sep—17 00:00:00)
_4 -2 -1 0 1 2 4

03—-Sep—2017T20:36:00 04-Sep—2017T05:48:00 04—-Sep—2017T10:36:00

04-Sep—2017T13:24:00 04-Sep—2017T17:12:00 04—-Sep—2017T719:00:00

Figure 6.7: Same as Figure 6.6 but for Phase 2. Different arrows in different panels
indicate few instances of current development and cancellation.

which developed during Phase 2 (indicated by the brown arrow in Figure 6.7(g))
significantly decayed during Phase 3 and reduced to an extremely narrow current

strip by the end of the phase (indicated by brown arrows in Figures 6.8(e)-(g)).
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Figure 6.8: Same as Figure 6.6 but for Phase 3. Different arrows in different panels
indicate few instances of current development and cancellation.

The circular positive polarity patch situated close to the northern end of the neg-
ative current ribbon-like structure, gradually elongated southward in parallel to

the negative current structure (cf., Figures 6.8(b), (g)).
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Figure 6.9: Same as Figure 6.6 but for Phase 4. Different arrows in different panels
indicate few instances of current development and cancellation.

Phase 4 of the AR can be readily characterized as the most flare productive pe-
riod during the evolution of NOAA 12673. As expected, the photospheric currents
reached to the maximum values during this phase (Figure 6.9) in comparison to
the prior phases. Particularly, the location indicated by the black arrow in Figure
6.9(b) is important which was characterized by extremely close proximity of lo-
calized strong current patches of opposite direction, prior to the onset of the X2.2
flare. Notably, the X2.2 flare was initiated from this location (see e.g., Mitra et al.,
2018). Following the X2.2 flare, the complex arrangement of photospheric current
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decayed, as well as the maximum and minimum values of currents also decayed
(cf., Figures 6.9(b), (c¢)). Further, prior to the onset of the X9.3 flare, the elongated
ribbon-like parallel-shaped structure composed of positive and negative currents
became most prominent (cf., Figures 6.9(b) and (d)). It is noteworthy that the
X9.3 flare initiated as the flux rope situated along the sharp PIL between the pos-
itive polarity sunspot and the negative flux regions, underwent eruption (see e.g.,
Mitra et al., 2018). The ribbon-like opposite currents structure, therefore, can be
explained as the photospheric manifestations of the flux rope. Following the X9.3
flare, currents of both polarities from this ribbon-shaped structure decayed signifi-
cantly (cf., Figures 6.9(d), (g)). Interestingly, we observed an oval-shaped positive
current structure situated to the north of the current ribbon structure (indicated
by the red arrow in Figure 6.9(f)) which decayed within a few hours (see Figure
6.9(g)). Further, the arc-shaped positive current (indicated by the black arrow in
Figure 6.9(e)) completely decayed by the end of Phase 4 (indicated b the black

arrow in Figure 6.9(g)).

6.5 Circumstances during X-class flares on 6 Septem-
ber 2017

Characteristics of §-spot of NOAA 12673

The magnetic complexity of NOAA 12673 evolved into the Syd-type on 5 Septem-
ber 2017. The d-type sunspots are identified as fragmented umbrae of opposite
polarities sharing a common penumbra (Kiinzel, 1960). Such complex ARs are
usually associated with very high magnetic gradient across the PILs. To under-
stand the magnetic nature of the d-spots of NOAA 12673, in Figure 6.10, we
plot co-temporal white light image and magetogram of the AR prior to its most
flaring phase and calculate magnetic gradient across the PIL associated with the
bipolar region. The white light image suggests the presence of a few segmented
umbrae within the central sunspot area which were surrounded by a single penum-
bra (Figure 6.10(a)). Comparison of the white light image and the magnetogram
(cf., Figures 6.10(a) and (b)) suggests a few of these fragmented umbrae to have

negative polarity and a few to be associated with positive polarity. Figure 6.10(c)
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readily suggests that LOS magnetic strength sharply changed from ~1500 G to
~ —1000 G within a distance of &1 arcsec across the PIL. Consequently, the PIL
region was associated with the highest magnetic gradient with a value ~2.4x10?
G Mm™!. This confirms NOAA 12673 to be associated with all the characteristic
properties of typical d-type sunspots prior to the onset of the X-class flares.
Temporal evolution of the X-class flares

Two homologous X-class flares originated from NOAA 12673 on 6 September 2017
with GOES classes X2.2 and X9.3 (see Table 6.1). To understand the temporal
evolutions of the two flares we plot GOES SXR and AIA (E)UV lightcurves in
Figure 6.11 (panels (a) and (b), respectively). Both SXR and (E)UV lightcurves
suggest the onset of the impulsive phase of the X2.2 flare at ~08:57 UT. Following
the peak emission at ~09:10 UT, the X-ray flux of both the GOES channels (1-8 A
and 0.5-4 A) gradually decreased till ~11:55 UT and thereafter rapidly increased,
implying the onset of the X9.3 flare. Within a brief ~9 minutes, the flare reached
to the peak emission at ~12:02 UT. In a complete agreement with the SXR fluxes,
the abrupt increase of flare emission was observed in the AIA (E)UV emission
also (Figure 6.11(b). After ~12:02 UT, flux in both SXR and (E)UV energies

decreased suggesting the flare’s progression to the gradual phase.

EUYV imaging of the X2.2 flare

In order to understand the evolution of the X2.2 flare, we plot a few representative
ATA 94 A and 304 A images in Figure 6.12. The EUV images prior to the onset of
the flare (Figures 6.12(a) and (d)) readily confirms that the coronal configuration
associated with the AR took the shape of an impressive ‘inverse-S’ i.e., a promi-
nent coronal sigmoid (the sigmoidal structure is highlighted by the dotted curve
in Figure 6.12(a)). Notably, the sigmoid encompassed the entire stretch of the
AR and axis of the sigmoid was associated with the PIL between the positive and
negative flux regions. The onset of the X2.2 flare took place with intense emission
from a relatively localized ‘question mark (?)’ shaped structure from the center of
the sigmoid (indicated by the white arrow in Figure 6.12(b)). Careful inspection
suggests this emitting structure to be composed of a few loop-like features which

suggests this structure to be a coronal hot channel i.e., an activated flux rope.
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Figure 6.11: Panel (a): GOES X-ray flux profiles in 1-8 A and 0.54 A from
08:00 UT to 14:00 UT on 6 September 2017 covering the occurrence of two X-class
flares. The flaring intervals are highlighted by the gray-shaded intervals which also
mentions the corresponding GOES flare classes. Panel (b): (E)UV lightcurves from
different ATA channels, normalized by corresponding peak intensities. For a better
visualization, the ATA lightcurves have been scaled by factors of 1, 0.65, 0.33, and
0.33 for 304 A, 94 A, 171 A, and 1600 A channels, respectively.

During the impulsive phase of the flare, this flux rope underwent partial erup-
tion (Mitra et al., 2018) but the overall coronal configuration of the AR remained

mostly unchanged (cf. Figures 6.12(b), (e) with 6.12(c), (f)).

EUV imaging of the X9.3 flare

After the X2.2 flare, the sigmoidal structure underwent a gradual expansion
and rise in the intensity of emission (cf. Figure 6.13(a) and 6.12(c)). Notably,
prior to the onset of the X9.3 flare, the hot channel appeared as a thin, elongated
thread-like structure at the central part of the sigmoid (indicated by the red arrow
in Figure 6.13(b)). Notably, the flare initiated with a localized spot-like bright-

ening at the northern footpoint of the hot channel (indicated by the white arrow
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Figure 6.12: AIA 94 A (panels (a)—(c)) and 304 A (panels (d)—(f)) showing the
evolution of the X2.2 flare on 6 September 2017. The dashed curve in panel (a)
highlights the pre-flare sigmoidal structure. The arrow in panel (b) indicates a hot
channel. Co-temporal HMI LOS magnetogram contours are plotted over panel (d).

The green and sky-blue contours refer to positive and negative field, respectively.
Contour levels are +150 G.

in Figure 6.13(b)). Almost simultaneously we observed prominent signatures of
filament eruption which initially ascended with the hot channel (indicated by the
arrow in the inset of Figure 6.13(f)). Following the eruption, we observed forma-
tion of two prominent flare ribbons which were situated very close to each other
(shown within the inset of Figure 6.13(g)). The narrow post-reconnection arcade
connecting these flare ribbons is indicated by the yellow arrow in Figure 6.13(c).
Importantly, the gradual phase of the flare was characterized by the formation of
a large-scale loop arcade that encompassed the entire stretch of the AR (indicated
by the blue arrows in Figures 6.13(d) and (h)). AIA 304 A images of this phase
revealed the formation of large-scale flare ribbons at the footpoints of the large

loop-arcade which are indicated by the green arrows in Figure 6.13(h).

Model coronal configurations prior to the X-class flares
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Figure 6.13: AIA 94 A (panels (a)-(d)) and 304 A (panels (e)(h)) showing the
evolution of the X9.3 flare on 6 September 2017. The red arrow in panel (b)
indicates a thin hot channel. The white arrow in panel (b) indicates the location
of the earliest brightening prior to the eruption of the hot channel. The yellow
arrow in panel (c) indicates intense thermal emission from the location of the
hot channel. The blue arrows in panels (d) and (h) indicate a large-scale post-
reconnection arcade encompassing almost the entire span of the active region. The
white arrow in the inset of panel (f) indicates the erupting hot filament. The green
arrows in panel (h) indicate a set of large-scale flare ribbons during the gradual
phase of the X9.3 flare.

In order to understand the coronal magnetic configuration leading to the onset of
the two X-class flares, we carried out NLFFF extrapolation at 08:48 UT and 11:48
UT (prior to the onset of the X2.2 and X9.3 flares, respectively). In both the

instances, we used the following values of the free parameters (see Chapter 2.3.2):

Btrans

V= 001, Wios = 17 Wtrans = maz(Btrans)’

P = po = 1; ps = 0.001; pa = 0.01
In Table 6.2, we have listed the values of the residual errors corresponding to all the
four extrapolations, which can be used as the assessment of the NLFFF solutions.
The modeled magnetic field configuration prior to the onset of the X2.2 flare
(Figures 6.14(a) and (b)) readily indicates the presence of a flux rope extending

over the PIL (shown by the green lines) with northern and southern footpoints
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Table 6.2: Summary of the parameters for assessing the quality of NLFFF extrap-
olation

Time of extrapolation < |fi| > 0y
08:48 UT 6.59x10~* 5.67°
11:48 UT 6.59x10~*  6.56°

fixed at negative and positive polarity regions of the central sunspot region, re-
spectively. Notably, the appearance of the hot channel, observed just prior to the
onset of the X2.2 flare, was almost precisely the same as the shape of the flux
rope (see Figure 6.12(b)). Further, photospheric longitudinal currents of this pe-
riod displayed a pair of ribbon-like structures composed of positive and negative
currents (Figure 6.9(a)). The location next to the northern footpoints of the flux
rope was characterized by a complex coronal structure similar to the fan-spine
configuration that involved a magnetic null point. The two sets of fan-spine lines
are depicted by the blue and pink lines in Figures 6.14(a) and (b) and the coronal
null point is indicated by a black arrow in Figure 6.14(b). Here we remember
that the corresponding photospheric location was associated with strong vertical
currents of opposite directions situated in a close proximity (Figure 6.9(a).

The overall model magnetic configuration prior to the onset of the X9.3 flare
at the core region of NOAA 12673 (Figures 6.14(c)—(d)) was similar to that corre-
sponding to the X2.2 flare. However, the flux rope prior to the X9.3 flare (shown by
the green lines in Figures 6.14(c)—(d)) appeared to be magnetically more twisted
than that of the X2.2 flare. The overall fan-spine configuration prior to the X9.3
flare is shown by the blue and yellow lines in Figures 6.14(c) and (d). Notably, the
northern footpoint of the flux rope itself appeared to be involved in the fan-spine
configuration. In Figure 6.14(d), the null point involved in the fan-spine configura-
tion is indicated by a black arrow. Here we remember that, the X9.3 initiated with
a point-like brightening from the northern footpoint location of the hot channel
(Figure 6.13(b)).

The presence of the null point close to the northern footpoint of the flux rope
is supportive of the breakout model for solar eruptions (Antiochos et al., 1999;
Karpen et al., 2012). During the impulsive phases of the X-class flares, the flux

ropes underwent eruption and we observed intense EUV emission from this region
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6 September 2017
08:48 UT

Figure 6.14: NLFFF-reconstructed coronal magnetic field configuration prior to
the X2.2 flare (top panel) and X9.3 flare (bottom panel). In all the panels, the
green lines represent magnetic flux ropes. The arrows in panels (b) and (d) indicate
coronal null points.

(Figure 6.5(d), (h), (1); see also, Mitra et al., 2018).

6.6 Homologous M-class flares from minisigmoid
of NOAA 12673

On 7 September 2017, NOAA 12673 produced two highly impulsive homologous
M-class flares which were extremely intriguing in view of their association with a
highly localized sigmoidal region. Both the events (M1.4 and M7.3 flares) were
eruptive and exhibited complex dynamical evolution. In this section, we present
our thorough multi-wavelength imaging and numerical analysis for investigating

the origin and evolution of the eruptive events.
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6.6.1 Event overview

To understand the temporal evolutions of the two M-class flares, we look at the
GOES SXR fluxes in the 1-8 and 0.5-4 A channels on 7 September 2017 from 09:45
to 10:30 UT (Figure 6.15(a); red and blue curves, respectively). The GOES SXR
lightcurves suggest the first M-class flare (GOES class M1.4; indicated by an arrow
in Figure 6.15(a)) to initiate at ~09:51 UT. After the initiation, the flare emission
underwent a brief period of slow rise during ~09:51-09:53 UT. Notably, such slow
rise in the flare missions often preceding the impulsive flare phase are identified as
precursor phase (see, e.g., Veronig et al., 2002; Mitra & Joshi, 2019). Following
~09:53 UT, SXR fluxes in both the GOES channels (i.c., 1-8 and 0.5-4 A) un-
derwent a rapid enhancement til ~09:54 UT manifesting the short-lived impulsive
phase. The flare reached at its peak at ~09:54 UT which was followed by gradual
decay of SXR fluxes. Flare emission continuously decayed till ~10:14 UT except a
subtle rise at ~=09:57 UT. SXR profiles further showed an abrupt rise from ~10:14
UT, indicating the onset of the second M-class flare. The second M-class flare of
GOES class M7.3 followed a brief impulsive phase of ~2 min reaching to the peak
emission at ~10:16 UT. After ~10:16 UT, flare emission steadily decreased and
reached the pre-flare fluxes at ~10:30 UT which marked the end of our observing
period. Within our observing period, RHESSI missed observation till ~09:59 UT
due to ‘South Atlantic Anomaly’ (SAA; Hajdas et al., 2004) and then again from
~10:24 UT due to ‘RHESSI night’. Importantly, although RHESSI missed the
M1.4 flare entirely, it provided continuous observational data during ~09:59-10:24
UT that covered the interval between the two flares and the M7.3 flare almost
entirely (Figure 6.15(b)). On the basis of the time evolution observed from the
GOES SXR lightcurves in combination with the available RHESSI observations,
we divided the entire duration (09:45-10:30 UT) into three periods: periods I and
IIT cover the M1.4 and M7.3 flares with the associated eruptions, respectively,
whereas period II covers a rather quiet phase in between the two M-class flares
(Figure 6.15(a)).

(E)UV fluxes derived from different AIA channels integrated over the AR dur-
ing the observing duration (Figure 6.15(c)) were in a general agreement with the

GOES SXR flux variation, signifying the large influence of SXR emission from
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Figure 6.15: Panel (a): GOES SXR flux in the 1-8 A (red curve) and 0.5-4 A
(blue curve) bands on 2017 September 7 from 09:45 to 10:30 UT, covering the two
M-class flares under study. Panel (b): RHESSI X-ray fluxes normalized by factors
of 10, 30 , 100 , and 100 for the 12-25, 25-50, 50-100, and 100-300 keV energy
bands, respectively. The horizontal red, green, and dark blue bars indicate the
RHESSI attenuator states (A0, Al, and A3, respectively). The orange and light
blue horizontal bars indicate the durations missed by RHESSI due to the SAA
and ‘RHESSI night’, respectively. Panel (c¢): AIA (E)UV lightcurves. For clear
visualization, the ATA lightcurves in channels 171 and 94 A are scaled by 2 and
10 , respectively.

NOAA 12673 on the the disk-integrated GOES measurement. Temporal varia-
tions in all ATA (E)UV channels suggest the initiation of the M1.4 flare at ~09:52
UT and the M7.3 flare at ~10:14 UT. We have summarized the different phases
of the flares in the studied interval in Table 6.3.

The morphology and multi-layer configuration of the AR at ~09:45 UT on 7
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Table 6.3: Chronology of Events during the Two M-class Flares that Occurred on
7 September 2017

Sr. Evolutionary Time Obs. Instr./ Remarks

No. Stages (UT) Wavelength

1 Pre-flare phase 09:45 AIA (E)UV Emission from a very localized
and HMI inverted ‘S’ structure. We call

it ‘minisigmoid’.
2 Init. of M1.4 flare 09:49 GOES 1-8 A
3 Init. of plasma 09:53 AIA 94 A Collimated ejection of plasma
ejection  during and 304 A from the core of the minisig-
M1.4 flare moid toward the east.

4 End of M14 flare  09:58 GOES 1-8 A Appearance of a small fila-
ment in the minisigmoid re-
gion. Start of RHESSI obser-
vation at ~09:59 UT.

5 Initiation of the 10:11 GOES1-8 A

M?7.3 flare uT

6 Init. of first phase 10:14 AIA 304 A Collimated plasma ejection
of plasma ejection from the core of the min-
during M7.3 flare isigmoid toward the east.

RHESSI sources of energies
up to =100 keV from the
minisigmoid region.

7 Init. of second 10:16 AIA 304 A Eruption from the southern

phase of plasma end of the filament, ejection of
ejection  during plasma toward the south.
M7.3 flare
8 Merging of the 10:22 AIA 335 A Strange deflection of ejected
ejected plasma plasma from east to southwest
direction.

9 End of M7.3 flare 10:18 GOES1-8 A
10 Detection of CME 10:24 LASCO C2

September 2017 is shown in Figure 6.16. Notably, after producing the two X-class
flares on 6 September 2017 (see Section 6.3), the AR underwent significant de-
cay in the overall sunspot area (cf., Figures 6.2(f) and (g)). As a consequence,
prior to the onset of the homologous M-class flares on 7 September 2017, NOAA
12673 consisted of two major sunspots along with a few pores. A comparison be-
tween co-temporal continuum image and magnetogram (Figures 6.16(a) and (b),
respectively) readily reveals that the southwestern sunspot group was primarily
of positive polarity, while main, larger sunspot group was composed of mixed po-

larity fluxes. The northern localized part of the mixed polarity sunspot shown
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Figure 6.16: Panel (a): HMI white-light image of NOAA 12673 on 2017 September
709:44 UT. Panel (b): cotemporal HMI magnetogram. Panels (c)—(e): AIA EUV

images of the AR in 94, 335, and 304 A respectively, showing the morphology
of the AR in the corona and chromosphere. Panel (f): AIA UV image of the
AR in 1600 A. The dashed boxes in panels (a) and (b) indicate the photospheric
region associated with the two M-class flares. The boxes in panels (c) and (e)
indicate the FOV of the AR plotted in Figures 3, 5, and 6. The arrows in panels
(c)—(e) indicate the minisigmoid region, whereas the arrows in panel (f) indicate

brightenings at the location of the minisigmoid.
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within the dotted boxes in Figures 6.16(a) and (b) was particularly interesting.
The corresponding coronal images displayed an intriguing semicircular arc-shaped
structure similar to an inverted ‘S’. In view of its shape and highly localized spatial
extension, this structure can be considered as a minisigmoidal region. The min-
isigmoidal structure was prominently visible in the AIA EUV images (indicated
by the black arrows Figures 6.16(c)—(e)), although it was not clearly identified in
the UV images. However, ATA 1600 A image displayed a few bright dots at the
location co-spatial to the minisigmoid (indicated by the black arrows in Figure
6.16(f)). Notably, both the M-class flares originated from this minisigmoid region.
In Sections 6.6.2-6.6.4, we focus on EUV images of the region outlined by the
boxes in Figures 6.16(c) and (e), to understand the origin and evolution of the

homologous flares.

6.6.2 Period I: evolution of the M1.4 Flare

To understand the evolution of the M1.4 flare, we look into series of AIA 94 and
304 A images (Figures 6.17(a)—(i) and 6.17(j)—(r), respectively). As we discussed in
Section 6.6.1, the pre-flare coronal configuration was characterized by the presence
of a reverse ‘S’-shaped minisigmoid. Notably, the minisigmoid appeared more
prominently in the hot AIA channels (e.g., 94 A) over the other AIA channels
sampling relatively cooler atmospheric plasma (i.e., AIA 304 A), in terms of its
relative brightness compared to the ambient medium. The minisigmoid structure
(outlined by a dashed curve in Figure 6.17(a)) significantly brightened up after
~09:50 UT marking the onset of the M1.4 flare (cf., Figures 6.17(a) and (b)). We
note a localized kernel-like brightening in the western leg of the minisigmoid at
~09:53 UT (shown by the blue arrow in Figure 6.17(c)). Interestingly, emission
from the kernel-like bright point was much prominent in the AIA 304 A images
(indicated by the blue arrow in Figure 6.17(1)) which is suggestive that the earliest
episodes of energy release during the initiation of the M1.4 flare took place in lower,
i.e., chromospheric, heights. The occurrence of the bright point was immediately
followed by ejection of plasma from the middle of the minisigmoid (shown by the
white arrow in Figure 6.17(c)). The ejection of plasma can be characterized as a

very narrow and collimated motion i.e., a jet-like eruption. The direction of the jet-
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Figure 6.17: Series of AIA 94 (panels (a)-(i)) and 304 (panels (j)—(r)) A images
showing the time evolution of the M1.4 flare. The minisigmoid structure identified
in the pre-flare phase is outlined by the dashed black dotted curve in panel (a).
The white arrows in different panels indicate the ejected jet-like plasma. The blue
arrows in panels (c¢) and (1) indicate a newly emerged brightening in the western
end of the minisigmoid that led to the flare onset. The yellow arrows in panels
(e) and (n) indicate the brightening in the eastern end of the minisigmoid during
the peak phase of the M1.4 flare. The black arrow in panel (r) indicates a newly
formed filament structure during the decaying phase of the M1.4 flare.

Prabir Kumar Mitra Gujarat University 2022 187



Chapter 6. Magnetic Characteristics and Onset of Eruption in §-sunspot Region NOAA 12673

like eruption was quite interesting. The ejecting plasma, after initially progressing
the eastward direction for a distance of ~40”, abruptly changed its direction mostly
toward south. In Figures 6.17(c)—(h) and (1)—(q), we have indicated the progress of
the ejected plasma by the white arrows. Notably, this jet-like plasma ejection was
observed more clearly in ATA 304 A images compared to the ATA 94 A images.
This is suggestive of plasma being ejected from lower atmospheric layers which
underwent partial heating during the ejection process. Notably, during the peak
phase of the flare, the eastern leg of the minisigmoid evolved as the brightest
location in the entire AR (indicated by the yellow arrows in Figures 6.17(e) and
(n)). AIA 304 A images of the decay phase of the M1.4 flare suggest the appearance
of the small filament within the minisigmoid structure, which is indicated by the

black arrow in Figure 6.17(r).

6.6.3 Period II: quiet phase between the two M-class flares

We observed the appearance of a small filament along the axis of the minisigmoid
structure during the late phase of the M1.4 flare (Section 6.6.2). Following the
flare, i.e., during the period II of the study (see Figure 6.15), this filament became
prominent. Notably, as mentioned in Section 6.6.1, RHESSI observation with the
attenuator state A0 (i.e., high sensitivity at low energies) was available during
this period. Figure 6.18 shows a few representative AIA 304 A images of period
IT which were overplotted with RHESSI X-ray contours within the energy ranges
3-6 (shown by light blue contours) and 6-12 (shown by dark blue contours) keV.
From Figure 6.18 it becomes evident that X-ray emission in the 6-12 keV range
was concentrated along the axis of the minisigmoid (Figure 6.18(a)). Notably, X-
ray emission in the 3—6 keV energy range at ~10:00 UT was characterized by two
distinct sources situated on either sides of the filament. During this period, the
filament became much prominent (indicated by the black arrow in Figure 6.18(e)),
we observed highly localized 6-12 keV RHESSI sources concentrated around the
projected apex of the filament. Further, at ~10:12 UT, the 6-12 keV emission
was characterized by an interesting arrangement consisting of an intense source at

the top of the filament and two weaker sources on the either sides of it (Figure

6.18(f)).
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Figure 6.18: Series of ATA 304 A images of the flaring region during the relatively
quiet period between the two M-class flares. Contours of RHESSI 3-6 (light blue)
and 6-12 (dark blue) keV are overplotted on each panel. Contour levels are set
as 70%, 80%, and 95% of the corresponding peak flux. The arrow in panel (e)
indicates a developing filament from the minisigmoid structure prior to the onset
of the M7.3 flare.
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6.6.4 Period III: evolution of the M7.3 flare and the fila-

ment eruption

GOES SXR fluxes, after decreased steadily during period II, rapidly increased
from ~10:14 UT marking the onset of the M7.3 flare (Figure 6.15). Notably, prior
to the onset of the flare, the newly developed filament became distinctly visible
in both the coronal and chromospheric images of the minisigmoid (indicated b
brown and blue arrows in Figures 6.19(a), (j) and 6.20(a)). Interestingly, the
filament appeared in the absorption line more prominently in the hot coronal ATA
channels (e.g., AIA 94 and 335 A) compared to cooler ATA 304 A images (cf.,
Figure 6.19(a), 6.20(a) with Figure 6.19(j)). Contrary to the M1.4 flare, where the
initial flare brightening was observed at the western end of the minisigmoid, the
MT7.3 flare brightening was mostly concentrated at the northern end of it. Similar
to the M1.4 flare, the M7.3 flare was also associated with a narrow jet-like plasma
ejection. Signatures of the jet-like ejection was first observed in the AIA 304 A
images at ~10:15 UT (Figures 6.19(1)) followed by its appearance in the AIA 335
and 94 A images chronologically (indicated by yellow arrows in Figures 6.20(c)—
(f) and 6.19(d)—(g)). Notably, during the initial phases of the jet-like eruption,
we observed a slow but steady upward motion of the filament in all ATA EUV
channels suggesting a causal relation of the jet-like eruption with the activation of
the filament. We have indicated the upward moving filament by brown arrows in
Figures 6.19(c), (d), 6.20(b)—(d) and by blue arrows in Figures 6.19(1), (m). The
filament brightened up after ~10:15 UT which caused the M7.3 flare to reach its
peak emission. During the flare, we observed hard X-ray emission of energies up
to =100 keV which is shown by contours of different colors plotted over different
panels of Figure 6.19. In general, similar to EUV brightenings, X-ray emission
was also concentrated at the northern end of the minisigmoid structure. Following
10:15 UT, we observed an interesting evolution in the AIA 304 and 335 A images
in view of the development of a cusp-like structure by the rising filament (indicated
by the black arrows in Figures 6.19(n) and 6.20(f)). This cusp-like structure was
associated with the initiation of a second phase of plasma eruption at ~10:16 UT.
During the same time, ejected plasma during the first phase of eruption changed

direction from eastward to southward and plasma ejected during both the two
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Figure 6.19: Series of AIA 94 (panels (a)-(i)) and 304 (panels (j)—(r)) A images
showing the time evolution of the M7.3 flare. The brown and blue arrows in
different panels indicate the development of the filament. The yellow arrows in
panels (d)—(g) indicate the first phase of plasma ejection during the M7.3 flare.
The black arrows in panel (n) indicate a second phase of the eruption during the
flare. The white boxes in panels (0)—(q) indicate a postflare arcade observed from
an edge-on view. Contours of RHESSI 6-12 (blue), 12-25 (black), 25-50 (red),
and 50-100 (green) keV are overplotted in different panels. Contour levels are set
as 50%, 70%, 80%, and 95% of the corresponding peak flux for the 6-12, 12-25,
and 25-50 keV energy bands and 60%, 70%, 80%, and 95% of the corresponding
peak flux for the 50-100 keV band.
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phases partially occulted the bright flaring emission of the M7.3 flare. After 10:16
UT, observation of the source AR was only possible in the ATA UV channels
(e.g., AIA 1600 A) since they primarily image the lower atmospheric layers of the
Sun. AIA 1600 A images of this time were characterized by the bright ribbon-
like structures situated on the opposite sides of the filament which were visible
till ~10:20 UT (indicated by the red arrows in Figures 6.20(j)—(1)). However, a
comparison with the co-temporal ATA 304 A images (outlined by the white boxes
in Figures 6.19(0)—(q)) suggest that the bright structures might possibly be a
mixture of emissions coming from the flare ribbons as well as post-flare arcades
viewed from an edge-on angle. By 10:20 UT, the flare had moved into the gradual
phase and we did not observe any significant morphological changes in the AR
thereafter, except for a short-lived brightening found in the western end of the
sigmoid region at ~10:26 UT (shown by the blue arrow in Figure 6.20(0)). In this
context, it is worth noting that the GOES SXR lightcurves displayed a subtle peak
in both the 1-8 and 0.5-4 A channels at the same time (see Figure 6.15).

6.6.5 Development of the CME from the erupting filament

We discussed the initial phases of plasma ejection during both the M-class flares in
Sections 6.6.2 and 6.6.4. Interestingly, we observed jet-like plasma ejection during
the M1.4 flare for only a few minutes as the ejection signatures became too weak
to be identified in the AIA (E)UV images. However, during the M7.3 flare, the
combination of the two-phase plasma eruption continued to produce a CME. In
this section, we focus on the dynamics of the plasma ejection during the M7.3
flare (Figure 6.21) and the corresponding CME (Figure 6.22). As discussed in
Sections 6.6.2 and 6.6.4, the initial phases of plasma ejection was characterized by
collimated (i.e., jet-like) eruption propagating toward the eastern direction (indi-
cated by the red arrow in Figures 6.21(b) and (c)). However, the erupting plasma
changed its direction dramatically toward the southwest. We have approximately
outlined the direction-change of the erupting plasma by a sky-blue colored curve
in Figure 6.21(e). The second phase of plasma ejection during the M7.3 flare initi-
ated from the apparent cusp-like structure at the western end of the minisigmoid

region after ~10:16 UT (see Section 6.6.4). Plasma ejected during the two phases
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Figure 6.20: Series of AIA 335 (panels (a)—(i)) and 1600 (panels (j)—(r)) A images
showing the time evolution of the M7.3 flare. Brown arrows in panels (a)-(d)
indicate the emergence of a small filament structure in the pre-flare phase. Yellow
arrows in panels (¢)—(f) indicate the ejecting plasma. The black arrow in panel
(f) indicate the direction of a second stream of ejecting plasma. The red arrows
in panels (j)—(1) indicate flare ribbon-like structures formed during the M7.3 flare.
The blue arrow in panel (0) indicates a subtle brightening occurring in the decay
phase of the flare that was probably responsible for the small enhancement in the

GOES SXR lightcurves (see Figure 6.15).
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Figure 6.21: Series of AIA 335 A images showing large-scale eruption of plasma
from NOAA 12673 during the M7.3 flare. The red arrows in panels (b) and (c)
indicate the initial phases of the ejecting plasma moving toward the east. The
curve in panel (e) outlines the unusual turning of the ejecting plasma from east
to southwest. The ejected plasma during the M7.3 flare resulted in a CME of
medium speed and small angular width.

got mingled up and thereafter proceeded toward the south-western direction (Fig-
ures 6.21(d)—(i)) to constitute a CME. Within the LASCO field of view, the CME
(Figure 6.22) was propagating along the central PA of 254° having an angular
width of 32° with a linear speed of 470 km s~
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C2: 2017/09/07 1

Figure 6.22: LASCO observa-
tions of the CME that developed
from the plasma ejection during
the M7.3 flare. Panels (a) and
(b) present observations from the
C2 coronagraph (1.5-6 R.), while
panel (c¢) shows observations from
the C3 coronagraph (3.7-30 R.).
The CME is indicated by the black
arrow in panel (c¢). The CME was
first observed by LASCO at 10:24
UT and was observed until 16:18
UT.
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6.6.6 Structure and evolution of the magnetic configura-

tion of NOAA 12673

During the course of the two M-class flares, the photospheric morphology of NOAA
12673 (Figure 6.23(a)) remained without any major changes, although the flux
content in it varied significantly. To understand the influence of photospheric flux
emergence and cancellation on the flaring activities, we plot LOS photospheric flux
variation within the flaring region (shown by the dashed box in Figure 6.23(a))
between 08:00 UT and 10:30 UT on 7 September 2017 (Figure 6.24(b)). The flux
variation readily indicates that the negative flux underwent a monotonic decrease
from ~08:40 to ~09:49 UT (shown by the blue curve in Figure 6.24(b)) with a
decay rate of ~ 2.41 x 10'6 Mx s~!. Positive flux, however, underwent periodic
flux emergence and cancellation, having two distinguishable phases of flux decrease
(=08:35-08:40 and ~09:17-09:28 UT). The two M-class flaring intervals (indicated
by the dashed and dashed—dotted lines) were characterized by drastic decrease of
flux of both polarities which seems to be manifestations of artifacts driven by the

flaring activities.

6.6.7 Large-scale magnetic field modeling

Large-scale magnetic field configurations, such as open magnetic field lines repre-
sented by coronal holes (CHs; Cranmer, 2009), may strongly influence the early
propagation of CMEs and cause significant deflections of their original direction of
motion (Gopalswamy et al., 2009; Heinemann et al., 2019). To investigate if the
change in the direction of erupting plasma in the low coronal layers was influenced
by the open field configuration, we carried out global magnetic field reconstruction
using the PFSS modell) and compare it with AIA EUV images (Figures 6.24). A
few PFSS extrapolated magnetic field lines concentrated around the AR is shown
in Figure 6.24(b), where the location of NOAA 12673 is indicated by a black ar-
row. PFSS extrapolation results readily indicate the presence of multiple open field
lines (shown by the blue lines in Figure 6.24(b)). Notably, a few open field lines

originating close to the northern and western sides of the flaring region, strongly

Mnttps://www.1lmsal.com/~derosa/pfsspack/
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Figure 6.23: Panel (a): HMI magnetogram of NOAA 12673 on 2017 September 7
at 09:45 UT. The time evolution of the photospheric magnetic flux of the whole
AR and inside the selected region within the dotted box in panel (a) is plotted in
panel (b). The dashed lines in panel (b) mark the starting and ending time of the
M1.4 flare as observed by GOES, and the dashed—dotted lines mark the starting
and ending time of the M7.3 flare as observed by GOES.

deflected toward the southwest direction. Here we recall that the ejected plasma
associated with the M7.3 flare and the eventual CME propagated along the same
direction (see Figure 6.22). Interestingly, AIA 193 A images during the peak of the
M1.4 flare did not reveal any unambiguous observational signature of CHs (Figure
6.24(a)); although a small but prominent CH region was identified at the location
of modeled open field lines after one solar rotation (indicated by the white arrow

in Figure 6.24(c)).

6.6.8 NLFFF extrapolation results

In order to understand the coronal configuration associated with the flaring region,

we carried out NLFFF coronal magnetic field modeling (Figure 6.25) at 09:46 UT,
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Figure 6.24: A PFSS extrapola-
tion of the global magnetic field
(panel (b)), together with AIA 193

images during the events un-
der study (panel (a)) and one so-
lar rotation later on 2017 Octo-
ber 4 (panel (c)). Gray and blue
field lines indicate closed and open
magnetic field lines, respectively.
The open field lines originating to
the north and west sides of the flar-
ing AR are observed as the sig-
nature of a CH one solar rotation
later (indicated by the white ar-
row).
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i.e., prior to the onset of the M1.4 flare. The following values of the free parameters
(see Chapter 2.3.2) were used for the extrapolation:

v =0.01; Wigs = 1 Whrans = mastB’

P = p2 = 1; ps = 0.001; ps = 0.01

The residual errors were obtained as

< |fil >=5.09 x 10—4; 6; = 6.74°.

For comparison, we plot a pre-flare HMI LOS magnetogram of NOAA 12673
in Figure 6.25(a) where we specify a small part by the blue box for plotting the
coronal connectivities (Figure 6.25(b)). Notably, the homologous M-class flares
on 7 September 2017 originated from the highly localized bipolar location (en-
closed by the green box in Figure 6.25(a)) close to the northern part of the region
inside the blue box. For plotting the model field lines, we focused on the the
region within the green box. Here we considered that this region was associated
with the coronal configurations involved in the flare-associated brightenings which
contained part of the flux rope (observed as the small filament) that underwent
magnetic reconnection.

The NLFFF extrapolation results revealed the presence of two small magnetic
flux ropes along the PIL between the bipolar region enclosed by the green box
in Figure 6.25(a). The PIL is highlighted by a red curve in Figure 6.25(a). In
Figure 6.25(b)—(c), we plot the two flux ropes by blue and green lines. Notably,
the two flux ropes were intertwined with each other, forming a ‘double-decker flux
rope system’. For a better visualization, we plot only the double-decker flux rope
system in Figure 6.25(c). Further, the NLFFF-modeled magnetic field within the
blue box in Figure 6.25(a) was characterized by relatively large-scale closed loops
connecting the central positive polarity region with the northern negative flux

regions (shown by the yellow lines in Figure 6.25(b)).

6.6.9 Magnetic decay index and twist number

To explore the influence of torus instability on the flare associated eruption (Sec-
tion 1.9.2), we computed the magnetic decay index using the potential magnetic
field extrapolation results of NOAA 12673 (Figures 6.25(d)—(e)). For the pur-

pose, we manually determined the approximate 2D projection of the axis of the

Prabir Kumar Mitra Gujarat University 2022 199



Chapter 6. Magnetic Characteristics and Onset of Eruption in §-sunspot Region NOAA 12673

HMI Mg. 7-Sep—2017 09:35:04 UT

T {arcsec)

G40 660 6BO 700 70 T40 TFEO 780
¥ {orcsec)

Mag! Imdiaz

Helght (in Mm)
s
(=]

n
=]

Mean Decay Index
>

0 2‘0 26.6 40 454 &0 B0

Height {in Mm)
Figure 6.25: Panel (a): HMI LOS magnetogram showing the photospheric con-
figuration of NOAA 12673 prior to the flaring activity. Panel (b): NLFFF ex-
trapolation results at 2017 September 7 09:45 UT showing coronal connectivities
between different parts of the complex AR. Multiple flux ropes were identified in
the extrapolation volume and are shown by blue and green lines. The NLFFF
extrapolated field lines are drawn over the photospheric region shown inside the
blue box in panel (a). In panel (c), we only show the two flux ropes situated in
the flaring region within the AR, constituting a double-decker flux rope system.
The FOV of panel (c) is approximately indicated in panel (a) by the green box.
Panel (d): distribution of magnetic decay index (n) above the PIL, indicated by
the red curves in panels (a) and (c¢). The yellow dashed—dotted line in panel (d)
approximately indicates the height of the double-decker flux rope system. The
blue dashed and red solid curves in panel (d) refer to contours of n=1.0 and 1.5,
respectively. The white arrow in panel (d) indicates a region within the height of
the flux ropes characterized by decay index n=a1.0, which is higher than the sur-
rounding region. Panel (e): variation of mean decay index with height above the
PIL. The green and red dashed lines in panel (e) mark the heights corresponding
to n=1.0 and 1.5, respectively. The hatched regions in panels (d) and (e) indicate
the range of critical decay index height for torus instability as found by Wang
et al. (2017a).
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double-decker flux rope system (shown by the red curves in Figures 6.25(a) and
(c)). In Figure 6.25(d), we plot the variation of the magnetic decay index in a ver-
tical 2D plane above the flux rope axis. For a better understanding, two contours
were plotted on the vertical plane characterizing the decay index values n=1.0
and 1.5. Further, we indicate the approximate height of the double-decker system
by a yellow dashed—dotted line in Figure 6.25(d). The distribution of decay in-
dex above the axis of the double-decker flux rope system readily suggested that a
few segments of the double-decker flux rope system were characterized by n2>1.0.
Further, we highlighted the statistically established height range of critical decay
index (n=1.5) associated with torus instability (Wang et al., 2017a). We find that,
above the double-decker axis, both the heights corresponding to decay index val-
ues n=1.0 and 1.5 lie well within the statistically found height range. We plot
the variation of decay index averaged over the length of the PIL with height in
Figure 6.25(e). The average decay index initially increased reaching to the value of
~(.9 within a short height of =5 Mm but then underwent a sharp decrease till the
height of ~9 Mm reaching to the value n~0.3. Above this height (=9 Mm), the
average decay index increased steadily and reached to the values n=1.0 and 1.5 at
the heights of =27 and 45 Mm, respectively, which is well within the statistically
established range of critical height for torus instability.

We further explored the possibility of kink instability for the triggering of the
flux rope, by computing the twist number (7,,) within the flaring region. Our
calculations revealed that both the flux ropes within the double-decker system
were associated with a negative twist. The average values of |T),| associated with
the double-decker system was found to be ~1.0. Extensive statistical work by
Duan et al. (2019) concerning the torus and kink instabilities as the triggering
mechanisms of flux ropes revealed that the critical value for the onset of kink
instability is given by a twist number |T,,| ~ 2.0. In view of this result, we could
not establish any conclusive evidence of kink instability as a possible triggering

mechanism in our event.
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6.7 Discussion

6.7.1 Evolution of NOAA 12763

In this chapter, we present a synoptic study of the evolution and flaring activity of
NOAA 12673 which was the most flare productive AR of the minimum phase of the
solar cycle 24. We also discuss case studies of a few prominent and representative
flares occurring from the AR, besides briefly highlighting the evolution and coronal
configuration of the largest flare of cycle 24.

NOAA 12673 appeared on the eastern limb of the Sun as a simple positive
polarity a-type sunspot on 28 August 2017 (Figure 6.1(a)). Notably, by analyzing
the synoptic maps of several Carrington Rotations, Muhamad et al. (2022) found
that the predecessor of the AR was formed at least in July 2017 which was identified
as NOAA 12665. Their analysis further suggested that NOAA 12673 survived at
least two more Carrington Rotations, till November 2017. However, the transit
of NOAA 12673 was the most flare productive phase of the AR in comparison
to its preceding and succeeding rotations (see Table 2 in Muhamad et al., 2022).
Although NOAA 12673 appeared as a a-type sunspot, it underwent rapid flux
emergence of both polarities which led to the evolution of the AR toward the most
complex [vyd-type (Figures 6.1, 6.2, 6.3). Hou et al. (2018) identified emergence
of at least five magnetic dipoles within the AR between 3 and 6 September 2017,
interaction of which led to the formation of highly shearing and rotational motion
of the photospheric fields. The photospheric motions during the build up phase of
the AR was studied in details by Vemareddy (2019). By thorough investigations
of the velocity fields of the AR, Vemareddy (2019) observed persistent shearing
and converging motions of magnetic flux around the polarity inversion line (PIL).
Rapid photospheric flux emergence led to major helicity injection in the coronal
field which in turns led to the development of a coronal sigmoid by 4 September.

Development of strong photospheric currents is in direct relation with photo-
spheric motions. The AR underwent rapid build up of photosheric current fol-
lowing 3 September 2017 which was hand-in-hand with the rapid flux emergence
episodes (Figures 6.6-6.9). Notably, during Phases 2—4, we observed the devel-

opment of strong currents of opposite polarities in close proximity (Figure 6.7).
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Such locations characterized by close proximity of opposite polarity currents have
previously been observed to be highly probable locations for initiating magnetic
reconnection (Mitra et al., 2020a). Interestingly, during Phase 2, an elongated
structure of strong negative polarity current was observed to develop along the
PIL between the central positive polarity and the trailing negative polarity re-
gions.

On 6 September 2017, NOAA 12673 produced 2 X-class flares within an in-
terval of =3 hours, the latter one of class X9.3 being the largest flare of cycle 24.
Our analysis reveals that prior to the onset of the X9.3 flare, a positive polarity
current region was developed in parallel to the previously developed negative cur-
rent structure (see Figure 6.9 showing photospheric I,-maps during phase 4 of the
AR). Importantly, we observed a high magnetic field gradient across the PIL which
further implies the formation of strong current sheets. NLFFF-modeled coronal
configurations revealed the presence of well developed flux ropes situated along
the PIL at the site of the X-class flares (Figure 6.14). We interpret the ribbon-
like current structures as the photospheric signatures of well developed flux ropes.
Further, the northern footpoint of flux ropes preceding the onsets of the X-class
flares on 6 September 2017, were situated very close to the coronal null point of
a fan-spine configurations. Notably, the flux rope itself appeared to be involved
in the null point configuration during the pre-flare phase of the X9.3 flare, which
clearly suggests the continuous build up of magnetic complexities in NOAA 12673.
It is noteworthy that the extent of photospheric current ribbons and magnitude
of currents within them were observed to remain largely uninfluenced even after
the occurrence of the large X2.2 flare, which suggests a dominant role played by

magnetic flux emergence in the region.

6.7.2 Homologous M-class flares on 7 September 2017

Both the M-class flares from NOAA 12673 on 2017 September 7 originated as a
result of successive activation of a filament. As discussed in Figure 6.15, both
M-class flares were highly impulsive with the respective impulsive phases lasting
for only ~4 and ~2 minutes. The EUV images of the flaring site revealed that the

flares occurred from a localized region situated at the northern part of the main
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sunspot group of NOAA 12763 (indicated within the boxes in Figures 6.16(c) and
(e)). Hot coronal images (i.e., AIA 94 A) suggested the flaring region to have a
clear reverse-S shaped structure implying the presence of a coronal sigmoid (see
Manoharan et al., 1996; Rust & Kumar, 1996). However, while coronal sigmoids
are usually observed as relatively large structures having spatial extensions extend-
ing over 100 Mm (see, e.g., Tripathi et al., 2009; Joshi et al., 2017a; Mitra et al.,
2018, 2020a), the sigmoid reported in this study had a characteristic length of
only ~20 Mm (~30"). Inspired by the much smaller length of the sigmoid, we can
justifiably refer it a ‘minisigmoid’. Even with the much smaller scale, we clearly
observed development and activation of a small filament within it, activation of
which produced the two eruptive flares (Figures 6.17 and 6.19).

Sigmoids are associated with twisted or helical magnetic structures, i.e., mag-
netic flux ropes or filament channels (Gibson et al., 2002). Magnetic flux ropes are
complex structures lying above PILs in the solar atmosphere where a set of mag-
netic field lines wrap around along its central axis more than once (Gibson & Fan,
2006). NLFFF-modeled magnetic field lines suggested the presence of two flux
ropes at the flaring location on 7 September (Figure 6.25). Notably, the flux ropes
appeared to be wrapping around each other forming a so-called double-decker flux
rope system. Notably, we have reported a double-decker structure in Chapter 5
also. Our multi-wavelength investigations of the failed eruption presented in Chap-
ter 5 of this thesis suggested the pre-flare double-decker system to be composed of
two well-separated filaments but at much larger spatial scales. During the impul-
sive phase of the flare, as the filaments got activated, they extended spatially and
got intertwined with each other. The two flux ropes in the double-decker system
reported in this chapter, however, were intertwined with each other even during
the pre-flare phase which further supports the extreme magnetic complexity of
NOAA 12673.

Eruptive flares from sigmoidal regions are usually characterized by a co-called
‘sigmoid-to-arcade’ evolution (see e.g., Joshi et al., 2017a; Mitra et al., 2018) as
the eruption of the flux rope induces magnetic reconnection beneath it leading to
the formation of the post-reconnection arcade. However, the sigmoidal structures

reported in this chapter survived after the eruptive flares (Figures 6.20(m)—(r))
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suggesting only one flux rope from the double-decker system to undergo eruption
during the flares. Such evolution of the double-decker flux ropes seems to be
common, particularly in the cases of intertwined double-decker flux rope systems
(see e.g., Cheng et al., 2014a). In this context, it is worth mentioning that in the
previous reports of double-decker flux rope structures, signatures of two flux ropes
(or filaments) were clearly observed in optical and/or (E)UV images. However,
we were unable to distinctly resolve the observational signatures of the two flux
ropes within the double-decker system presented in this study. We attribute this
to the highly localized nature of the structure, making it hard to distinguish even
with the high resolutions of ATA images (see Figures 6.17 and 6.19). Here, we
also consider the influence of projection effects in view of the location of the AR
being ~S07W46 (see Table 6.1) during the flares. Importantly, ATA 1600 A images
during the pre-flare phase revealed a few bright spots co-spatial to the minisigmoid
which may possibly represented the footpoints of the two flux ropes of the double-
decker configuration. Notably, we observed the appearance of the minisigmoid in
the ATA 94 A images only ~1.5 hours prior to the onset of the M1.4 flare, which
seems to be a much shorter time compared to the lifetimes of previously reported
intertwined double-decker systems (/40 hr; see Cheng et al., 2014a).

We observed compact localized brightenings at the sigmoidal region region prior
to the onset of the M-class flares. Initiation of both the flares were immediately
associated with collimated jet-like plasma ejection (Figures 6.17 and 6.19). The
highly sheared bipolar photospheric region associated with the flare underwent flux
cancellation of both the polarities prior to the flares (Figure 6.23(b)) which can be
interpreted as the observational signatures of photospheric flux cancellation at the
PIL (van Ballegooijen & Martens, 1989). Flux cancellation at the PILs have been
recognized to initiate small-scale magnetic reconnections leading to the formation
of flux ropes (see, e.g., Amari et al., 2010; Xue et al., 2017; Panesar et al., 2018;
Mitra et al., 2020a). Further, we interpret the localized (E)UV brightenings un-
derneath the apparent location of the filament body prior to the onset of the flares
as the evidence for the tether-cutting model of solar eruptions (Moore & Roumeli-
otis, 1992; Moore et al., 2001). Among the observable signatures of tether-cutting

reconnection, compact EUV and hard X-ray brightenings beneath an erupting flux

Prabir Kumar Mitra Gujarat University 2022 205



Chapter 6. Magnetic Characteristics and Onset of Eruption in §-sunspot Region NOAA 12673

rope (or middle of the sigmoid) and collimated plasma outflows may be highlighted
(Raftery et al., 2010; Liu et al., 2013; Chen et al., 2014, 2016, 2018b). While in-
vestigating the onset processes of a solar eruption, Chen et al. (2018b) observed
clear signatures of flux cancellation from the flaring region, bidirectional jets, and
change in the topology of the hot loops during the precursor phase. They inferred
these signatures as the tether-cutting models. Although the events reported in
this study evolved with unidirectional jets, the locations of the occurrences of the
jets were observed to be closely associated with the initial brightenings beneath
the filaments (Figures 6.17(e) and (m) and 6.20(d)). This further supports the
tether-cutting reconnection between the two flux ropes in the double-decker flux
rope system as the triggering mechanism for the activation of the flux ropes.

The horizontal components of magnetic field above the double-decker config-
uration underwent a rapid decay with height resulting in the condition of torus
instability to be achieved within a low height (Figure 6.25(d)). The condition
of torus instability has been extensively used to explain the eruptive nature of
ARs (see, e.g., Liu, 2008; Aulanier et al., 2010; Démoulin & Aulanier, 2010; Thal-
mann et al., 2015; Zuccarello et al., 2017; Liu et al., 2018¢c; Sarkar & Srivastava,
2018). On the basis of a statistical study, Wang et al. (2017a) found the critical
height (hei) of torus instability for successful eruption to be within the range
herig = 36.3 £17.4 Mm above the PIL. During the pre-flare phase of the M-class
flares reported in this chapter, the condition of torus instability (ng.;=1.0-1.5) was
achieved at heights of h..;; ~27-45 Mm above the PIL, which is in basic agreement
with the statistical results reported in Wang et al. (2017a, heqp = 36.34+17.4 Mm)
and Baumgartner et al. (2018, heyy = 21 + 10 Mm).

6.8 Summary and Conclusion

In summary, NOAA 12673 underwent rapid flux emergence along with photo-
spheric motions including shearing and rotational motions. In response to the
photopsheric motions, strong horizontal current regions developed within the AR
which were probable locations for the initiation of magnetic reconnection leading

to subsequent large-scale currents. Further, the continuous shearing and rotational
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motion resulted in the injection of high non-potential energy within the AR en-
abling it to produce a series of large flares including the largest flare of the cycle
24. As a consequence of the high shear in the AR, a flux rope was developed
over the PIL in a close proximity of a fan-spine configuration involving a coronal
null point, prior to the onset of the X-class flares on 6 September. In view of the
coronal null point above a highly sheared core field region which also contained
magnetic flux ropes, the triggering of the X-class flares can be interpreted by the
breakout model of solar eruptions.

While the X-class flares on 6 September 2017 encompassed the entire extension
of NOAA 12673 (Mitra et al., 2018) on the very next day the AR produced two
homologous impulsive eruptive M-class flares from a highly localized part of the
AR. The associated coronal images revealed the presence of a minisigmoid region,
which suggests that the storage of sufficient energy within even smaller flux rope
structures can also lead to CME initiation, provided the overlying magnetic field
configuration is favorable for its further expansion in the corona. Our analysis
also reveals the presence of a compact intertwined double-decker flux rope con-
figuration, unveiling the venue for the storage of magnetic free energy within the

spatially localized regions in solar corona.

Prabir Kumar Mitra Gujarat University 2022 207






Chapter 7

Conclusions and Future

Prospectus

With a combination of multi-wavelength obeservations and coronal field modeling,
the thesis aims to explore important aspects related to the onset and evolution
of solar transient phenomena at a wide range of spatial, temporal, and spectral
scales. As the modern society is rapidly developing an irreversible dependence
on the space technologies, a detailed understanding of solar eruptive activities is
crucial. This chapter highlights the work presented in this thesis and discuss scope

for the future work which I am interested to pursue in my post-doctoral endeavor.

7.1 Summary and conclusions

The prime objectives of this thesis include investigations of the triggering mecha-
nisms of large-scale solar eruptions and understanding the mechanisms responsible
for the activation and eruption of magnetic flux ropes. We focused on the pre-
flare activities i.e, the small-scale energy release events occurring prior to main
energy release phase of eruptive flares. In Chapter 1, we discussed various aspects
of solar transient phenomena and presented the objectives of the Ph.D. thesis.
Elaborate descriptions of the sources of the multi-wavelength observational data
and numerical techniques are given in Chapter 2.

In Chapter 3, we explored the pre-flare processes. We presented two case stud-

ies which were associated with multiple episodes of pre-flare activities originating
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within or in the vicinity of the main flaring site. The results of our investigations
suggest that continuous small-scale reconnection activities close to a flux rope can
result in the slow activation and eruption of it by adding flux content to the flux
rope as well as reducing the strapping magnetic field confining the flux rope. Fur-
ther, flux ropes are strengthened in response to flux cancellation at the polarity
inversion line (PIL) for prolonged periods. The resulting slow activation of flux
ropes can be identified in the SXR lightcurves as a gradual rise in SXR flux prior
to the impulsive phase of flares, known as the precursor phase. Activated, hot flux
ropes are identified as coherent structures in the EUV images corresponding to
extremely high temperatures e.g., AIA 94 A and 131 A channels, which are called
coronal hot channels. Therefore, observations of hot channels in the active regions
(ARs) can be interpreted as the earliest signatures of CMEs in the source regions.
Complete destabilization of activated flux ropes can be achieved by delivering even
small energy to the system by small-scale pre-flare activities originating within or
near the quasi-stable flux ropes. We would also like to mention that we detected
HXR sources of energies as high as ~100 keV associated with pre-flare activities.
This suggests that occasionally pre-flare activities also cause brief yet significant
events of particle acceleration.

In Chapter 4, we focused on the signatures of magnetic reconnection in 2D
and 3D in the context of solar flares. The chapter starts with a discussion on
different varieties of circular ribbon flares and advancements of our theoretical
understanding on 3D topological features. We present the results of our thor-
ough multi-wavelength analysis of four homologous quasi-circular ribbon eruptive
flares, onset of which was driven by repeated eruption of filaments from a filament
channel situated within the periphery of circular ribbon structures. By employing
NLFFF coronal modeling, we investigated and compared the coronal magnetic
configuration associated with the filament and the circular ribbons. The flaring
region was characterized by a fan-spine-like structure that developed over a com-
plex photospheric configuration where dispersed negative polarity regions were
surrounded by positive polarity regions. This unique photospheric configuration is
analogous to the geological ‘atoll’ regions. The magnetic structure of the filament

was manifested by well developed flux ropes. Prior to the eruption of the fila-
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ments, we observed localized brightening from the location of the filament as well
as flux cancellation at the PIL, which are supportive of the tether-cutting model
for flux rope activation. While the ascend of the flux ropes was characterized
by highly localized (almost spot-like) flare ribbons, structured post-reconnection
arcades were developed following the eruption of the flux ropes. Such evolutions
are in line with the CSHKP model which explains eruptive flares in terms of 2D
magnetic reconnection. We, therefore, interpret that all the four quasi-circular
ribbon flares were triggered by the flux rope eruptions inside the fan-spine-like
configuration. However, the most important result of this study was in view of
the absence of null points in the 3D structure. Instead of a coronal null point,
we observed the presence of a hyperbolic flux tube (HFT) between the fan and
spine quasi-separatrix layers (QSLs). We emphasize that the occurrence of quasi-
circular ribbon flares from complex fan-spine-like configurations involving HFTs,
explored by us, provide a novel idea in the context of 3D coronal structures and
flaring activities originating from them.

Understanding the factors responsible for failed eruptions is important not only
for understanding the basics of coronal magnetic fields but also for space weather
prediction purposes. One of the major objectives of the thesis has been to in-
vestigate the magnetic configurations of erupting and non-erupting flares. For
this purpose, we carried out comprehensive analysis of a failed eruptive flare orig-
inating from quadrupolar magnetic configuration which are frequently observed
to produce large eruptive flares. The quadrupolar configuration involved a 3D
coronal null which was situated above a filament. Soft X-ray (SXR) lightcurves
revealed a number of periods of pre-flare flux enhancement prior to the large-scale
flaring process. Comparison of EUV images with the SXR time profiles suggested
the pre-flare activities to be associated with magnetic reconnections at the null
point supporting the predictions of the breakout model of solar eruption. The
distribution of magnetic decay index above the magnetic flux rope was charac-
terized by a saddle-type profile where the values of decay index initially increased
reaching to the conditions of torus instability within much lower heights. However,
following the initial increase, magnetic decay index values decreased rapidly reach-

ing to negative values before steadily increasing again. Based on this important
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observation, we propose that the negative value of the magnetic decay index not
only decelerated the eruption of the flux rope but also repelled it back downward
resulting in the failed eruption. On the basis of these results, we conclude that the
ultimate fate of solar eruptions is determined by a complex interplay of coronal
magnetic fields involving the magnetic flux rope, core and envelope fields. This
study is presented in Chapter 5.

In Chapter 6, we presented a comprehensive study of the magnetic character-
istics and eruptivity of the historical active region NOAA 12673. Notably, this
AR was among the most flare productive ARs which also produced the largest
solar flare of the solar cycle 24, an X9.3 flare on 6 September 2017. After appear-
ing as a simple a-type AR, NOAA 12763 experienced consistent flux emergence
of both polarities as well as photospheric shearing and rotational motions. The
photospheric motions led to the formation of strong horizontal current regions of
both polarities on the photosphere, a few of which were situated in close prox-
imity. Such close proximity of opposite polarities are preferred locations for the
initiation of magnetic reconnection. Continuous flux emergence and photospheric
motion also injected strong helicity and non-potential energy in the system which
led the AR to evolve as one of the most flare productive ARs. NLFFF extrapo-
lation results prior to the onset of the two X-class flares (GOES classes X2.2 and
X9.3) on 6 September 2017, revealed the presence of well developed flux ropes over
the PIL. Notably, along with the flux rope, the core magnetic field was associated
with a fan-spine configuration involving a coronal null point, prior to the X2.2
flare. Prior to the onset of the X9.3 flare, the northern footpoint of flux rope
essentially got involved in the fan-spine configuration while the flux rope itself
appeared to be more developed compared to that prior to the X2.2 flare. Thus,
we believe that the direct involvement of the more developed flux rope in the null
point configuration resulted in higher flare class of the second X-class flare over the
first one. Further, we carried out multi-wavelength and modeling analysis of two
homologous eruptive M-class flare that originated from a highly localized part of
NOAA 12673. Coronal images revealed the presence of a highly localized coronal
sigmoid at the flare location, which can be justifiably termed as a minisigmoid.

Further, NLFFF extrapolation results suggested the presence of two intertwined
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flux ropes in a double-decker flux rope configuration, which were co-spatial to the
minisigmoid. Magnetic decay index profile above the axis of the double-decker
flux rope configuration exhibited a favorable condition for the successful eruption
of a torus unstable flux rope. Presence of the double-decker structure within the
minisigmoid and the occurrence of homologous flares from it suggests that the
magnetic complexity of AR is strongly linked with the flare productivity rather
than the area or strength of the corresponding magnetic flux region.

In essence, the thesis explored the magnetic configurations associated with
flaring activities as well as investigated their initiation and evolution, considering
events of a wide spatial, temporal and morphological varieties. The thesis has pro-
vided a few novel ideas on 3D coronal magnetic field topologies and destabilization

processes of magnetic flux ropes in solar ARs.

7.2 Future Works

In future, I would like to continue our research work in line of the topics addressed
in the thesis. The future work will also aim at further strengthening the new
ideas proposed in my thesis work. This will be achieved by exploring new data
from recently launched and upcoming space missions and ground-based observing

facilities. I enlist a few anticipated research topics in the following.

e [ plan to carry out a series of subsequent studies on failed eruptions of
torus unstable flux ropes in order to reach to further understandings on

the mechanism(s) of successful /failed solar eruptions.

e We will emphasize on understanding the small-scale energetic processes in so-
lar corona, such as A and sub-A-class flares; compact jets; etc., by exploring
the events of the rising phase of solar cycle 25 exhibiting prolonged periods
of low solar activity. In particular, I plan to utilize the unprecedented data
from the Solar X-Ray Monitor on Board the Chandrayaan-2 Orbiter (XSM;
Mithun et al., 2020) and The Spectrometer Telescope for Imaging X-rays
(STIX; Krucker et al., 2020) on board the Solar Orbiter.

e We will put special focus on investigating the magnetic configurations associ-
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ated with quasi-circular ribbon flares in order to advance our understanding
on those observational features which are beyond the scope of the standard
2D model of solar flares. To this end, I also plan to investigate the evolution
of complex 3D magnetic structures associated with circular ribbon flares by

using numerical simulation techniques.

e Solar radio bursts are very effective probes of the physical state of the flaring
atmosphere, providing an important diagnostic tool for magnetic structures
and flare-accelerated electrons. In future studies, I would like to explore
microwave and radio observations of solar flares to address the particle ac-

celeration processes.
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Abstract

We present a multiwavelength analysis of the eruption of a hot coronal channel associated with an X1.0 flare
(SOL2013-10-28T02:03) from the active region NOAA 11875 by combining observations from Atmospheric
Imaging Assembly/Solar Dynamics Observatory (SDO), Helioseismic and Magnetic Imager/SDO, Reuven
Ramaty High Energy Solar Spectroscopic Imager, and Hiraiso Radio Spectrograph. EUV images at high coronal
temperatures indicated the presence of a hot channel at the core of the active region from the early preflare phase
evidencing the preexistence of a quasi-stable magnetic flux rope. The hot channel underwent an activation phase
after a localized and prolonged preflare event occurring adjacent to one of its footpoints. Subsequently, the flux
rope continued to rise slowly for ~16 minutes during which soft X-ray flux gradually built-up characterizing a
distinct precursor phase. The flux rope transitioned from the state of slow rise to the eruptive motion with the onset
of the impulsive phase of the X1.0 flare. The eruptive expansion of the hot channel is accompanied by a series of
type III radio bursts in association with the impulsive rise of strong hard X-ray nonthermal emissions that included
explicit hard X-ray sources of energies up to ~50keV from the coronal loops and 100 keV from their footpoint
locations. Our study contains evidence that preflare activity occurring within the spatial extent of a stable flux rope
can destabilize it toward eruption. Moreover, sudden transition of the flux rope from the state of slow rise to fast
acceleration precisely bifurcated the precursor and the impulsive phases of the flare, which points toward a
feedback relationship between early coronal mass ejection dynamics and the strength of the large-scale magnetic
reconnection.
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1. Introduction

Magnetic flux ropes (MFRs) are defined as sets of magnetic
field lines, which are twisted along a common central axis usually
more than once (Gibson & Fan 2006). MFRs are observed to be
levitated along the polarity inversion line with the two legs tied in
the opposite polarity regions. With a high storage of magnetic free
energy, MFRs are one of the essential ingredients of large-scale
solar transient phenomena, i.e., flares and coronal mass ejections
(CMEs; Jing et al. 2010). Earth-directed CMEs cause geomagnetic
storms which may disrupt the spacecraft stationed in near-Earth
orbits and the communication system on Earth (Forsyth et al. 2006;
Webb & Howard 2012). As the core of CMEs, MFRs have been
studied extensively in recent years and remain one of the most
contemporary topics in solar physics.

Different solar features, viz., filaments, prominences, filament
channels, hot coronal channels, etc., essentially form the
observational counterparts of MFRs. Filaments are thread-like
structures found as dark features in the chromospheric images of
the Sun. These are cool, dense materials supported in the corona
against gravity by a sheared magnetic field with a dip (Antiochos
et al. 1994) or helically twisted field lines (Priest et al. 1989).
When these structures are observed on the limb, they are called
prominences because they appear bright compared to the
background. Filament channels are long-lived, narrow lanes
between extended areas of magnetic field of opposite polarities
where a filament (or prominence) can be formed (Engvold 1997;
Gaizauskas et al. 1997). Hot coronal channels were first reported
by Zhang et al. (2012) and Cheng et al. (2013) as coherent
structures found in high temperature passband filter images. Hot

channels are often found to appear in association with coronal
sigmoids that are observed in EUV images (Cheng et al. 2014b;
Joshi et al. 2017, 2018; Mitra et al. 2018). It is noteworthy that
one footpoint of the hot coronal channel may originate in a
strong magnetic field region with the other footpoint terminating
in a weaker magnetic field (Cheng & Ding 2016). Below the hot
channel, a filament channel is often observed confirming its
association with MFRs (Chen et al. 2014a). An observational
survey performed by Nindos et al. (2015) revealed that almost
half of the major eruptive flares are associated with a preflare hot
channel.

Successful eruption of an MFR is essential for the origin of a
CME. According to the “standard flare model” (also known as
CSHKP model; Carmichael 1964; Sturrock 1966; Hirayama
1974; Kopp & Pneuman 1976), once an MFR undergoes
eruptive expansion, magnetic reconnection sets in between the
inflow magnetic field lines. During magnetic reconnection, the
stored magnetic energy is released in the form of intense heating
within a localized region and nonthermal emissions (Shibata &
Magara 2011). Multiwavelength observations of solar flares
demonstrate complex temporal, spatial, and spectral variabilities
in the energy release processes (Fletcher et al. 2011; Benz 2017).
The CSHKP model is successful in explaining most of the
commonly observed signatures of a flare, such as, flare ribbons;
looptop and footpoint X-ray sources; cusp structure following
the passage of the filament; post-flare loop arcade; etc. However,
it remains silent to the topics of flux rope formation and
triggering of the eruption process. It is also noteworthy that in
view of the spatial evolution of the looptop and footpoint sources
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during the early impulsive phases, many flares do not comply
with the CSHKP model (see, e.g., Veronig et al. 2006; Joshi
et al. 2009, 2012). Further, the morphological and dynamical
evolution of flare ribbons could be very complex (see, e.g., Sui
& Holman 2003; Dalmasse et al. 2015; Joshi et al. 2017, 2019;
Mitra et al. 2018).

The triggering mechanism of flux ropes is one of the most
debated topics among solar physicists. Years of observation
and corresponding theoretical understanding have led to two
different classes of models for the triggering mechanism:
reconnection based triggering and ideal instability. Two
representative reconnection based triggering mechanisms—
tether-cutting and breakout models—rely on different preflare
magnetic configurations. The tether-cutting model involves two
highly sheared arcades in a bipolar active region where
triggering occurs in the form of initial reconnection beneath
the sheared arcades when a newly emerged bipole interacts
with them (Moore & Roumeliotis 1992; Moore et al. 2001).
The breakout model, on the other hand, requires a complex
multipolar active region with one or more preexisting magnetic
nulls well above the core field containing a sheared arcade.
Initial reconnection, according to the breakout model, occurs in
those magnetic nulls, which reduces downward tension on the
flux rope setting it in an eruptive motion (Antiochos et al.
1999). Over the years, several case studies have provided
support for the tether-cutting model (see, e.g., Liu et al.
2007, 2013; Chen et al. 2014b, 2018b; Xue et al. 2017; Yang
et al. 2018). Similarly, several observational studies and
simulations have supported the breakout model of solar
eruption (see, e.g., Manoharan & Kundu 2003; Gary & Moore
2004; Joshi et al. 2007; Aurass et al. 2011; Chen et al. 2016;
Mitra et al. 2018).

The ideal instability models for triggering mechanisms do
not rely on initial reconnection for eruption of MFRs. Two
basic instability models—torus instability (Kliem &
Torok 2006) and kink instability (Torok et al. 2004)—predict
the onset of eruption of an MFR when some critical values are
reached. According to the torus instability model, an MFR may
attain eruptive expansion if the overlying magnetic field
experiences a sharp decay with height. The critical value

is decided by the parameter “decay index” (n = ——l?fg(?g),

where B,, and z are the overlying magnetic field and height,
respectively) and several studies have shown the critical value
of the decay index to lie within the range [1.1-1.5] (Démoulin
& Aulanier 2010; Olmedo & Zhang 2010). The kink instability
model suggests eruption of an MFR if its twist increases
beyond a critical value of ~3.57. However, several studies
have shown that both these instability criteria may lead to failed
eruption of an MFR (Liu 2008; Song et al. 2014b) and often
both the torus and kink instabilities are simultaneously required
for a successful eruption of an MFR (Liu 2008; Vemareddy &
Zhang 2014).

During a flare, a huge amount of magnetic energy is released in
the form of thermal and nonthermal energies radiating across the
entire electromagnetic spectrum, i.e., from +-rays to radio waves.
Thermal signatures of flares include optical, ultra-violet (UV),
extreme ultra-violet (EUV), and soft X-ray (SXR) brightenings
from post-reconnection loop arcades and flare ribbons (see the
review by Fletcher et al. 2011). Nonthermal signatures of flares
include hard X-ray (HXR), microwave, and radio bursts, which
individually carry evidence of different physical mechanisms
during a flare (Krucker et al. 2008; White et al. 2011). Careful
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observation and rightful analysis of flare HXR sources can be
used to constraint the location of magnetic reconnection and
particle acceleration (Masuda et al. 1994; Benz 2017) whereas
type III and type II radio bursts can indirectly provide information
on the restructuring of coronal field and early phases of CME
propagation (Wild 1950; Cairns et al. 2003; Reid & Ratcliffe
2014).

In this work, we present a multiwavelength study of the
eruption of a hot coronal channel which led to an X1.0 flare,
using high cadence and high spatial resolution observations
from the Atmospheric Imaging Assembly (AIA; Lemen et al.
2012). The flaring region was associated with multiple hard
X-ray sources of energies up to ~100 keV. The Hiraiso Radio
Spectrograph (HiRAS; Kondo et al. 1995) revealed a complex
set of metric radio bursts: a series of type III during the early
rise phase, a set of prominent split-band type II harmonic band
around the peak phase and a type IV burst during the decay
phase. An important objective of the study lies in under-
standing the preflare processes and their relevance to the
subsequent phases of CME initiation and main flaring event.
The study provides an unambiguous detection of a preexisting
MFR in the active region and shows its various activation
stages that lead to a standard CME-producing X-class flares.
The availability of solar X-ray observations from the Reuven
Ramaty High Energy Solar Spectroscopic Imager (RHESSI;
Lin et al. 2002) during part of the preflare phase and most of
the X-class flare provided us with an opportunity to explore the
sites of energization, heating, and particle acceleration.
Section 2 provides details of the observational data and
analysis techniques used in this article. Multiwavelength results
involving EUV, X-ray and radio observations are explained in
Section 3. We discuss and interpret our results in Section 4.
The major highlights and conclusions of the study are provided
in Section 5.

2. Observational Data and Methods

For observing the Sun in (E)UV wavelengths, we use high
resolution (0”6 pixel '), 4096 x 4096 pixel full disk observa-
tions from the AIA (Lemen et al. 2012) on board the Solar
Dynamics Observatory (SDO; Pesnell et al. 2012). AIA
observes the Sun in seven EUV channels (94, 131, 171, 193,
211, 304, and 335 A), 2 UV channels (1600 and 1700 A), and 1
white light channel (4500 A). Temporal cadences are 12 s for
the EUV filters, 24 s for the UV filters, and 3600 s for the white
light filter. For photospheric observation, we use 45 s cadence
line-of-sight (LOS) magnetograms and intensity images
observed by the Helioseismic and Magnetic Imager (HMI,
Schou et al. 2012) on board SDO, which takes continuous full
disk observation of the solar photosphere with a spatial
resolution of 0”5 pixel .

CME associated with the erupting hot channel was observed by
the C2 and C3 instruments of the Large Angle and Spectrometric
Coronagraph (LASCO; Brueckner et al. 1995) on board the Solar
and Heliospheric Observatory (Domingo et al. 1995). C2 and C3
are white light coronagraphs imaging from 1.5 to 6 R, and from
3.7 to 30 R, respectively.

The RHESSI (Lin et al. 2002) provided information about the
X-ray sources associated with the flaring region. RHESSI
observes the full Sun with an unprecedented spatial resolution
(as fine as ~2”3) and energy resolution (1-5keV) in the
energy range 3 keV-17 MeV. For imaging of the X-ray sources
using RHESSI observation, we use the PIXON algorithm
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(Metcalf et al. 1996) with the natural weighting scheme for
front detector segments 2—9 (excluding 7). For construction of
RHESSI spectra, we use the front detector segments 1-9
excluding 2 and 7 (which have lower energy resolution and
high threshold energies, respectively; see Smith et al. 2002;
Holman et al. 2011). The spectra were deconvolved with the
full detector response matrix (i.e., off-diagonal elements were
included; Smith et al. 2002).

Dynamic radio spectra within the frequency range 50-500 MHz
were obtained from the Hiraiso Radio Spectrograph (HiRAS;
Kondo et al. 1995), which is operated by the National Institute of
Information and Communications Technology, Japan.®

3. Multiwavelength Observations and Results
3.1. Active Region NOAA 11875

The active region (AR) NOAA 11875 emerged on the
eastern hmb of the Sun on 2013 October 16 as a [~-type
sunspot.* On October 22, it transformed into a more complex
Oy6-type and remained so until its disappearance from the
western limb of the Sun on October 30. In its lifetime, it
produced 2 X-class, 11 M-class besides many C-class flares.’

We have studied the active region NOAA 11875 on 2013
October 28 from 00:30 UT to 04:30 UT while it was situated close
to the western limb of the Sun at the heliographic coordinates
~NO7W66.° In this duration, the active region underwent
activation and eruption of a hot channel in association with an
X1.0 flare. In Figure 1, we present a multiwavelength view of
the AR prior to the erupting event. The photospheric HMI
white light image suggests that the active region consisted of a
major leading sunspot and few trailing spots of much smaller
sizes (Figure 1(a)). Comparison of a cotemporal HMI LOS
magnetogram (Figure 1(b)) with the while light image indicates
that the major leading sunspot had a complex fine structure
with multiple umbrae of opposite polarity within a common
penumbra, i.e., 6-spots while the trailing spots were mostly of
positive polarity. The AIA 171 A image gives information
about the coronal connectivities associated with the AR.
Interestingly, we find a filament structure in the AR (indicated
by the brown arrow in Figure 1(c)) and a set of open field lines
originating from the trailing part of the AR (marked by the
black arrows in Figure 1(c)). AIA 94 Ai image indicates a hot
coronal channel near the filament (indicated by the red arrow in
Figure 1(d)), which forms the core of the AR. Notably,
comparlson of AIA 171 and 94 A images indicates that the
region of open field lines was also connected with the core of
the AR (containing the filament) by a set of hot coronal loops.

3.2. Evolutionary Phases of the X1.0 Flare

Figure 2(a) displays the time variation of the GOES SXR
flux in 1-8 and 0.5-4 A channels within our studied interval.
The temporal evolution of the X1.0 flare can readily be
summarized by three phases: a preflare phase showing two
distinct episodes of SXR flux enhancement with peaks “P1”
and “P2” (indicated by the two dotted lines in Figure 2(a)), a
precursor phase and the X1.0 flare. According to GOES, the
onset of the impulsive phase of the X1.0 flare occurred at

http:/ /sunbase.nict.go.jp/solar/denpa/index.html

www.helioviewer.org

http: //www.Imsal.com/solarsoft/latest_events_archive.html
https://www.solarmonitor.org /index.php?date=20131028 &region=11875
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~01:53 UT which was characterized by rapid enhancement of
flux in both the GOES X-ray channels and eruption of hot
coronal channel. The flare reached its peak flux at ~02:02 UT,
which was followed by a gradual phase when SXR flux in both
GOES channels decreased slowly.

During the first preflare event (P1), a complex structure,
situated near the northern leg of the hot coronal channel (shown
inside the boxes in Figures 2(b)-(d)) brightened up which
could be observed in both high and low temperature AIA
passband filter images. In Flgures 2(b)-(d), we have plotted
AIA 94 A, 131 A, and 304 A images, respectively, during the
peak of the preflare event P1. During the second preflare event
(P2), localized intensified brightness was observed from the
trailing part of the AR (shown inside the white boxes in
Figures 2(e)-(g)). AIA 94 A (Figure 2(e)) and AIA 131 A
(Figure 2(f)) images during the preflare event P2 suggest that
energy release involving a compact loop system probably led to
the enhancement in GOES SXR flux during the second preflare
event. From the cotemporal AIA 304 A image (Figure 2(g)), we
observed two ribbon like brightenings which outlined the
footpoints of the intensified loops. In Flgures 2(h)-(j), we have
plotted AIA 94 A, 131 A, and 304 A images, respectively,
during the precursor phase of the flare when the activation of
the hot channel began and it underwent a slow rise phase. The
subsequent eruption of the hot channel was clearly identified in
AIA 94 and 131 A images (indicated by white arrows in
Figures 2(k) and (1)).

In Figure 3, we plot temporal evolution of AIA (E)UV
intensities (Figure 3(a)) and RHESSI X-ray counts (Figure 3(b)).
For comparison, we have overplotted GOES SXR flux variation
in both 1-8 and 0.5-4 A channels in Figure 3(b). Comparison of
GOES, RHESSI, and AIA light curves clearly indicates that the
preflare event P1 was very prominent in RHESSI 3—-6 keV and
6-12keV channels while only the 304 A channel among other
AIA channels displayed a small peak at the time of preflare event
P1. RHESSI did not observe during ~01:13 UT-01:45 UT,
which included the preflare event P2. A small increment during
this period was observed in the AIA 94 and 304 A light curves.
Interestingly, the preflare event P2 was more prominent in the
high energy GOES channel of 0. 54 A than the lower energy
channel of 1-8 A. AIA light curves show a general agreement
with RHESSI and GOES time profiles during the main phase of
the X1.0 flare. RHESSI time profiles reveal a sudden rise of
HXR flux at ~01:53 UT implying the onset of the impulsive
phase of the X1.0 flare. The impulsive build up phase of the
X1.0 flare was associated with a very interesting phenomena in
the RHESSI high energy channels of 2>25keV in the form of
multiple short-lived spikes during ~01:55 UT-02:00 UT (see
the green, yellow, and violet lines in Figure 3(b)). Here we note
that, counts in the high energy channels of RHESSI (250 keV)
underwent a sudden fall after ~02:00 UT while counts in the
low energy channels (S50keV) displayed gradual decay (the
decay rate was faster for the 25-50keV channel than the other
channels).

3.2.1. Preflare Phase

The two SXR preflare events (P1 and P2) were separated by
a time span of ~30 minutes (Figure 2(a) and Section 3.1). In
order to understand the location and structures of preflare
events, we pr0v1de a few representative AIA 94 A images of
the activity site in Figure 4. From these images we find that a
small region situated at the north of the AR underwent a
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Figure 1. Panel (a): HMI white light image of the active region NOAA 11875 prior to the eruptive flare. Panel (b): cotemporal HMI LOS magnetogram of AR11875.
Panels (c)—(d): AIA EUV images of the AR in 171 A and 94 A, respectively. FOV of panels (a) and (b) is indicated by the sky colored boxes in panels (c) and (d). The
black arrows in panel (c) indicate few open coronal lines. The brown arrow indicates the filament during the preflare phase. The red arrow in panel (d) indicates the hot

coronal loops near the filament.

complex evolution during the preflare event P1 (zoomed in
images of the region are shown in the insets in Figures 4(b) and
(c)). Strong RHESSI 6-12 keV sources were observed to reside
at that region during the preflare event P1 (cotemporal RHESSI
6—12 keV contours are plotted in Figure 4(a) and in the inset in
Figures 4(c)). During ~01:28 UT to ~01:40 UT, we observed
loop brightening from a nearby eastern region within the AR,
which is indicated by the arrows in Figures 4(d) and (e).

Comparison of GOES time profiles (Figure 2(a)) and AIA
images (Figure 4) confirms the association of SXR preflare
enhancements with localized energy release events within the
AR. In Figure 4(f), we plot an AIA 94 A image of the AR
where the erupting hot channel can be identified clearly
(indicated by the white arrow). For a comparison, we have also
marked the locations of the two preflare events in Figure 4(f)
from which it becomes clear that the two preflare events prior
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Figure 2. Panel (a): GOES SXR flux variation in 1-8 A (red curve) and 0.5-4 A (green curve) channels on 2013 October 28 from 00:30 UT to 04:30 UT that includes different
phases prior to and during the X1.0 flare. The preflare phase was characterized by two episodes of SXR flux enhancements with peaks “P1” and “P2,” which are indicated by
the dashed lines. The sky colored shaded area indicates the precursor phase when the activation of the hot channel (i.e., flux rope) began and it underwent a slow rise phase.
Panels (b)-(m): AIA EUV images of the active region NOAA 11875 in 94 A (panels (b), (e), (h), (k)), 131 A (panels (c), (), (), (1)), and 304 A (panels (d), (g), (j), (m)). These
representative images show various phases of the X1.0 flare: two preflare peaks, P1 and P2 (panels (b)—(d) and (e)—(g), respectively); precursor phase (panels (h)—(j)), and
eruption of the hot channel during the impulsive phase of the X1.0 flare (panels (k)~(m)). The white boxes in panels (b)—(d) indicate preflare activity during P1 from a complex
localized region adjacent to the northern leg of the hot channel. The white boxes in panels (e)—(g) indicate preflare activity during P2 from the trailing part of the AR. The white
arrows in panels (k) and (1) indicate the erupting flux rope. The video starts at 2013 October 28 00:30 UT and ends the same day at 04:30 UT. The video duration is 44 s.

(An animation of this figure is available.)
location of preflare event P1 was associated with continuous

small-scale activity throughout the preflare phase, the precursor
phase, and even during the impulsive phase of the X1.0 flare.

to the X1.0 flare recorded by GOES occurred in the same AR but
from two different locations. It is worth mentioning that, while the
location of preflare event P2 displayed activity only during P2, the
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3.2.2. Precursor Phase

The X1.0 flare was associated with a distinct precursor phase
during ~01:37 UT to ~01:53 UT when the hot channel
underwent activation and exhibited a slow but steady
expansion. During this phase, GOES SXR flux displayed a
gradual rise in both the 1-8 and 0.5—4 A channels (Figure 2(a)).
EUV images reveal that the core field region, containing the
activated hot channel, became very bright compared to the rest
of the AR during this phase (Figures 2(h)—(j)). The slowly
accelerating hot channel was identified in the AIA images of
hot 94 A (Figures 5(b)—(d)) and 131 A (Figures 6(a)—(d))
channels. We found X-ray emission up to ~50keV from the
hot core field region during this phase while the slowly rising
hot channel steadily moved to larger heights (Figures 5(c)—(d)
and 6(b)—(d)). We observed consistent activities from the
location of preflare event P1 that included localized brightening
and plasma ejection throughout the precursor phase (indicated
by the yellow arrows in Figures 5(a), (c), and (d)). Notably, a
strong 50-100keV HXR source was observed from the
location of P1 during the late precursor phase (Figure 5(d)).

To further investigate the altitude evolution of the hot
channel, we specify a narrow slit along the white line S;S, in
Figure 7(a) and plot its time evolution between ~01:35 UT and

for 3-6 keV, 12-25 keV, 25-50 keV, 50-100 keV, and 100-300 keV, respectively. The red, green, and blue bars at the
top of panel (b) indicate RHESSI attenuator states AO, Al, and A3, respectively.

02:00 UT in Figure 7(b). The time—slice diagram reveals that
the hot channel experienced a very gradual rise with a speed of
~14kms™! up to =01:53 UT. Also we note that, between
~01:52 UT and 01:54 UT (the interval is marked by the two
blue dotted lines in Figure 7(b)), the hot channel was subjected
to a rapid acceleration (=~1.41 kms 2) as the flare moved into
the impulsive phase.

3.2.3. The X1.0 Flare and Eruption of the Hot Channel

The impulsive phase of the X1.0 flare started at ~01:53 UT
(Figure 2(a)). During this interval, the slowly rising hot channel
entered into the eruptive phase (Figure 7(b)). As the hot channel
started erupting, formation of the post-flare arcade began
underneath it. The cotemporal RHESSI images reveal intense
HXR emission up to ~50 keV energies from the apex of the post-
flare arcade (Figures 5(e)—(h)). During the peak phase of the X1.0
flare, along with the coronal HXR sources, strong HXR sources
up to ~100 keV energies were observed from the footpoint of the
arcades (Figures 5(f)—(h)). As the hot channel moved into higher
coronal heights, it lost its brightness and slowly became indistinct
in direct images after ~01:56 UT (the erupting hot channel is
indicated by red arrows in Figures 5(e)—(f). In Figures 6(e)—(f), we
plot running difference AIA 131 A images where we indicate the
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Figure 4. Panels (a)-(c): AIA 94 A images showing evolution during the preflare event P1. During preflare event P1, activities were observed from a complex
structure situated at the northern end of the hot channel, which is outlined by the white boxes. Insets in panels (b) and (c) show zoomed in images of the region
enclosed within the boxes. RHESSI observation was available during preflare event P1. In panel (a) and the inset in panel (c), we plot cotemporal RHESSI 6-12 keV
contours. Contour levels are 35%, 50%, 70%, and 95% of the corresponding peak flux. Panels (d)—(e): AIA 94 A images during the preflare event P2. Activities during
P2 were observed in the form of loop brightening, which is indicated by the white arrows. Panel (f): AIA 94 A at ~01:51 UT when flux rope eruption was very
prominently observed in hot AIA passband filters. The eruption of the magnetic flux rope (MFR) is indicated by the arrow in panel (f). For comparison, the locations
of preflare activities during the P1 and P2 are shown by the white boxes with dotted lines in this panel.

hot channel by a pink arrow and a dashed pink line, respectively. continued to emit hot, intense diffused emission (Figures 5(i)—(1)).
RHESSI sources of energies up to 25 keV were observed from the

The flare moved into the gradual phase after ~02:02 UT. During
this phase, the post-flare arcade slowly increased in height and top of the post-flare arcade (Figure 5()).
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Figure 5. Representative AIA 94 A images showing various evolutionary phases (precursor, impulsive, and gradual) during the X1.0 flare. The red arrows in panels

(c)—(d) indicate the slow rise of the hot channel during the precursor phase, which erupted during the subsequent impulsive phase of the X1.0 flare (indicated by the
red arrows in panels (e) and (f)). From the location of preflare events “P1” (see Figure 4(f)), we observed localized brightening and plasma ejection throughout the
precursor and impulsive phase, which is indicated by yellow arrows in panels (a), (c), (d), (g), and (h). Cotemporal RHESSI contours of 6—12 keV (blue), 12-25 keV
(red), 25-50 keV (yellow), and 50-100 keV (black) energy bands are overplotted in selected panels. The contour levels are 30%, 50%, 70%, and 95% of the

corresponding peak fluxes.
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Figure 6. Representative AIA 131 A direct (panels (a)—(d)) and running difference (panels (e)—(f)) images showing the hot channel eruption during the X1.0 flare.
White arrows in panels (b)—(d) and the pink arrow in panel (e) indicate the erupting hot channel. In panel (f), the erupting hot channel has been outlined by a pink
dashed curve. Cotemporal RHESSI contours of 6-12 keV (blue), 12-25 keV (red), and 25-50 keV (orange) energy bands are overplotted in panels (b)—(d). Contour

levels are 50%, 70%, and 95% of the corresponding peak fluxes.

The time-slice diagram (Figure 7(b)) suggests that after
undergoing a slow expansion during the precursor phase, the
hot channel exhibited fast eruption with a linear speed of
~183 kms ™' during the impulsive phase. The eruption of the
hot channel resulted in a halo CME which was captured in the

LASCO C2 and C3 coronagraph observations (Figure 8). The
CME was first detected by LASCO C2 at 02:24 UT’ when the

7 https: / /cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2013_10/yht/
20131028.022405.w360h.v0695.p296g.yht
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Figure 7. Panel (a): an ATA 94 A image of AR11875 during the precursor phase showing a straight line along which the time-slice diagram was constructed. Panel
(b): time-slice diagram showing two phase acceleration of the erupting hot channel along the slit indicated in panel (a). “S;” and “S,” in panels (a) and (b) indicate the
orientation of the slit in the time—slice diagram. The hot channel was found to be slowly elevating during the precursor phase of the flare (~01:37 UT-01:53 UT) with
a linear speed of ~14 km s~'. Afterwards, the flare entered into the impulsive phase (see Figure 2(a)) during which the hot channel underwent eruption with a linear
speed of ~183 km s~ '. Notably, the hot channel was subjected to a transition phase during ~01:52 UT-01:54 UT (indicated b%/ the vertical blue dotted lines in panel
(b)) when it moved continuously from the state of slow rise to eruptive expansion with a rapid acceleration of ~1.41 km s~

leading edge of the CME reached a coronal height of
~3.82 R,. LASCO C3 observed the CME until 07:30 UT at
~22.91 R..,. Within the field of view of LASCO, the CME was
propagating toward the position angle 296° with a linear speed
of ~695kms~' and a slow deceleration of 12.1 ms 2.

3.3. RHESSI Spectroscopy

To study the HXR spectral evolution of the X1.0 flare during
the impulsive phase, we conducted RHESSI spectroscopy. For
this purpose, we used energy bins of % keV from 6 to 15 keV,
1keV from 15 to 100keV, and 5keV from 100 to 300 keV

10

energies. At the start of the impulsive phase of the X1.0 flare,
the attenuator of RHESSI was set at Al (i.e., thin shutter;
Figure 3(b)). At ~01:56 UT, the attenuator state was changed
to A3 (i.e., both thin and thick shutters) and remained so until
~02:09 UT except for two short intervals of ~1 minute (at
~02:00 UT and ~02:05 UT) when the attenuator state was
changed to Al. After ~02:09 UT, the attenuator state was
changed to Al as the flare moved into the gradual phase. The
time intervals for spectral analysis were chosen to be 20s.
Notably, RHESSI measurements during the impulsive phase of
the X1.0 flare were contaminated by two periods of low energy
radiation-belt particle events. To restrict the spectroscopic
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measurements from contamination due to the particle events,
we confined our spectroscopic analysis between 01:57 and
02:01 UT. Spectral fits were obtained using a forward-fitting
method implemented in the idl-based Object Spectral Execu-
tive code (OSPEX; Schwartz et al. 2002). To create the
spectrum, we used the combined RHESSI front detectors 1-9
excluding 2 and 7 (see Smith et al. 2002; Holman et al. 2011).
Two fitting models were used: line emission from an isothermal
plasma and thick-target bremsstrahlung from nonthermal
electrons interacting with the chromosphere (Holman et al.
2003). From these fits, we derived the temperature (7) and
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Figure 8. Running difference images obtained from LASCO C2 (panels (a) and (b)) and C3 (panels (c) and (d)) showing the propagatlon of the halo CME originated
during the X1.0 flare from AR11875. The linear speed of the CME calculated within the LASCO field of view is 695 kms™ .
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emission measure (EM) of the hot flaring plasma, as well as the
nonthermal electron spectral index (6) for the nonthermal
component and break energy (Eg) between the thermal and the
nonthermal components.

In Figure 9, we show few spatially integrated, background-
subtracted RHESSI spectra along with their respective fits and
residuals for three selected intervals. We find that both
temperature and emission measure increased during the
impulsive phase and reached ~28 MK and ~5 x 10** cm ™,
respectively, at the peak phase. At this time, as expected, with
the evolution of the flare during the impulsive phase, the low
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Figure 9. Representative RHESSI X-ray spectra during the impulsive phase of the X1.0 flare along with their respective residuals. These spectra were fitted with a
combination of an isothermal component (blue line) and a thick-target bremsstrahlung model (green line). The red lines indicate the sum of the two components. The
energy range chosen for fitting is [12-295] keV. The notations used in different panels are as follows. 7: temperature obtained from the isothermal component; EM:
emission measure; §: power-law index for the nonthermal fitting; Ep: break energy separating thermal energy from nonthermal energy; y*: goodness of the fitting.

energy cutoff (i.e., break energy Eg) increased progressively up
to ~25 keV. During the impulsive rise and peak of hard X-ray
flux (Figures 9(c) and (e)), the hardness of the nonthermal
component increased highly with spectral index (6) ~ 3.4.

3.4. Dynamic Radio Spectrum

The impulsive phase of the X1.0 flare exhibited a spectacular
display of different types of radio structures in the dynamic
spectra (Figure 10). A series of type III bursts were recorded by
HiRAS during ~01:37 UT-01:55 UT followed by a split-band
type II burst. Because the AR was situated at the limb, it is
likely that the observed split-band of type Il was the harmonic
as the fundamental part of type II bursts that originated near
solar limbs get severely attenuated (Gopalswamy 2013). A brief
brightening was recorded at ~01:58 UT within frequency range
~210-400 MHz. Observation within the frequency range
~200-210 MHz was rejected throughout the interval by HiRAS.
The type II burst was very clear between ~02:00 UT and 02:04
UT within the frequency range ~75-180 MHz. However, from
the apparent drift of the type II bands and dynamics of the
erupting hot channel, it can be understood that the brief
brightening within frequency a range of ~210-400 MHz was an
early extension of the type II. The type II burst was followed by
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a faint dynamic type IV signatures between ~02:05 UT and
02:14 UT within the frequency range ~70-180 MHz.

4. Discussion

In this article, we present a multiwavelength analysis of the
evolutionary phases of an X1.0 flare associated with the
activation and eruption of a hot channel from active region
NOAA 11875. On the day of reported activity, i.e., 2013
October 28, the AR was situated near the western limb of the
Sun at heliographic coordinates of ~NO7W66. We provide a
detailed investigation of the activities during the preflare phase,
a relatively less studied and ill-understood aspect of the overall
flare evolution. The activation and steady, slow rise of the
preexisting hot channel accompanied the precursor phase of the
X-class flare while its eruption proceeded with the impulsive
and peak phases. We have summarized different evolutionary
phases of the X1.0 flare in Table 1.

Our study distinctively reveals the manifestation of a
prolonged preflare phase of ~52 minute duration (~00:45 UT
to ~01:37 UT; Figure 2). Further, the preflare phase is
characterized by two distinct SXR peaks, P1 and P2, occurring
~38 minutes and /7 minutes, respectively, prior to the onset of
the flux rope activation. Comparison of GOES time profiles
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Figure 10. Dynamic radio spectrum recorded by the HiRAS spectrograph on 2013 October 28 from 01:35 UT to 02:20 UT within the frequency range of
50-500 MHz, showing many discrete type III bursts between ~01:37 UT and 01:55 UT, a split-band harmonic of type Il burst between ~01:58 UT and 02:04 UT and
a faint type IV spectra during ~02:05 UT-02:14 UT. For reference, we have overplotted GOES SXR flux variation in the 1-8 A range by the white curve.

Table 1
Summary of the Evolutionary Phases of the Eruptive X1.0 Flare
Sr. No. Phase Interval Remarks
1 Preflare 00:45 UT-01:37 UT  Two peaks were observed in the GOES SXR flux at ~00:59 UT (“P1”) and ~01:30 UT (“P2”).
2 Precursor  01:37 UT-01:53 UT  Activation of the hot coronal channel began and it underwent a slow rise.
3 Impulsive  01:53 UT-02:02 UT  The eruption of the hot channel experienced rapid acceleration; multiple X-ray sources were observed from
footpoint and looptop locations.

4 Gradual 02:02 UT-02:58 UT  Dense post-flare arcade was formed.

with AIA EUV images confirmed that both the preflare events
occurred from different locations within the AR (Figure 2).
While the location of the first preflare event (i.e., P1) was
adjacent to the hot channel, the location of the second preflare
event (i.e., P2) was a distant one. Notably, while the location of
P2 was associated with EUV brightening during the preflare
event P2 only, the location of P1 experienced continuous EUV
brightening throughout the preflare phase and even during the
later precursor and impulsive phases of the flare. Statistical
studies, conducted with the Yohkoh-SXT images, of the preflare
locations with respect to the main flare sites by Farnik et al.
(1996) and Farnik & Savy (1998) revealed an abundance of
“adjacent” cases while the “distant” preflare sources were
found to be rather uncommon. However, while discerning the
locations of preflare localized emissions over the large-scale
main flare brightenings, we should also consider that the SDO/
AIA images have much better temporal and spatial resolutions
compared to the Yohkoh images.

Preflare activities prior to a flare are considered to be
important in order to understand the physical conditions that
lead to flares and associated eruptions (Farnik et al. 1996, 2003;
Farnik & Savy 1998; Chifor et al. 2006, 2007; Joshi et al.
2011, 2013). Contemporary studies, dealing with the analysis
of X-ray images and spectra during the mild preflare X-ray

13

emission (Joshi et al. 2013; Hernandez-Perez et al. 2019),
suggest the preflare phase is associated with the events of
small-scale magnetic reconnection that can potentially desta-
bilize the flux ropes as described in different models of solar
eruptions (i.e., tether-cutting and breakout reconnection
models). Our analysis suggests that the location of the preflare
event “P1” was associated with consistent EUV brightening
along with thermal X-ray sources (Figure 4) suggesting
continuous small-scale reconnection events in a localized
region that resulted in the eruption of the hot channel (i.e., the
preexisting flux rope). Our results can be interpreted in the light
of multiple preflare events prior to a major flare of X-class
analyzed by Joshi et al. (2013). Their work revealed that the
activities during the preeruption phase were characterized by
three localized episodes of energy release occurring in the
vicinity of a filament that produced intense heating along with
nonthermal emission. Based on these observations, Joshi et al.
(2013) concluded that localized magnetic reconnections
beneath the flux rope in the preeruption phase played an
important role in destabilizing the active region filament
through the tether-cutting process. From the spatial and
temporal characteristics of preflare activities occurring at the
location P1, we conclude that continuous, small-scale recon-
nection events in the vicinity of the northern leg of the hot
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channel would result in restructuring of the magnetic field
configuration in a localized region besides reducing the
magnetic flux near one of the footpoints of the MFR. This
process would progressively lead to establishing the conditions
favorable for the destabilization of the MFR and subsequent
large-scale eruption.

An important aspect of present observations lies in the detection
of a stable, hot EUV channel that preexisted in the active region
corona at least ~67 minutes before its activation during the
precursor phase (Figure 1(d)). Contemporary studies have
established that hot coronal channels are one of the observational
pieces of evidence of MFRs (see, e.g., Chen 2011; Cheng et al.
2014a; Song et al. 2015b; Joshi et al. 2017, 2018; Mitra et al.
2018). Notably, observations showing prior formation of flux
ropes that remain stable during the preeruption phase are still
uncommon with availability of only a few such reported
incidences (Cheng et al. 2014a; Song et al. 2015b). The exact
topology and formation process of MFRs are still unclear
and debatable. According to the mechanism proposed by van
Ballegooijen & Martens (1989), flux cancellation through
the photospheric converging and shearing motions leads to the
formation of MFR, which has been subsequently supported by the
numerical studies by Amari et al. (1999, 2000) where the twisted
flux rope remains stable for a period before erupting. Many
studies have also recommended the in situ formation of MFRs in
the corona by magnetic reconnection, i.e., the MFR builds up with
the initiation of the flare itself (Cheng et al. 2011; Song et al.
2014a; Chintzoglou et al. 2015; Wang et al. 2017). Another class
of model suggests that MFRs are generated in the convection zone
of the Sun and then emerge into the solar atmosphere by
buoyancy (Caligari et al. 1995; Fan 2001; Archontis et al. 2004;
Martinez-Sykora et al. 2008). With the detection of a preexisting
hot channel right from the beginning of the studied interval and
subsequent occurrence of small-scale energy release processes at
adjacent and remote locations, our observational results support
the scenario of flux rope emergence from the convection zone.
During the impulsive phase of the X1.0 flare, the hot channel
became activated and erupted resulting in a halo CME (Figures 5,
6, and 8). With high proneness toward eruption and association
with CMEs, hot channels are believed to be the earliest signatures
of CMEs (Canfield et al. 1999; Pevtsov 2002; Gibson et al.
2004, 2006; Liu et al. 2007, 2010, 2018; Cheng et al. 2014b;
Kumar et al. 2016; Joshi et al. 2017, 2018; Mitra et al. 2018;
Hernandez-Perez et al. 2019); our observations are consistent with
these earlier studies.

We would like to further emphasize on the early dynamical
evolution of the hot channel, which is characterized by its slow
yet steady rise with a speed of ~14 kms™'. This phase lasted
for a period of 16 minutes during which the intensity of the
flaring region increased gradually. The temporal association
between the slow rise phase of the MFR and the precursor flare
emission is of great significance to understanding the origin of
CMEs (Zhang et al. 2001, 2004; Zhang & Dere 2006). The
early slow rise phase essentially marks the CME initiation in
the source active region which is found to be well correlated
with the mild and consistent precursor phase emission,
commonly observed as gradually rising SXR flux (Zhang &
Dere 2006). It has been suggested that the precursor phase
activities correspond to the dynamical formation of a current
sheet underneath the MFR that subsequently reconnects to
trigger the onset of the main phase of the eruptive flare (Zhou
et al. 2016). Our analysis readily supports this scenario as the
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hot channel underwent an abrupt transition from the state of
slow rise to the fast acceleration as a continuous process which
precisely bifurcates the precursor and impulsive phase of the
eruptive flare (see Figures 7(b) and 2(a)).

The early impulsive phase and the eruption of the flux rope
was associated with strong HXR sources of energies up to
~100 keV (Figure 5). We further emphasize the appearance of
a very high energy HXR source at the adjacent preflare location
(Figures 5(d), 4). Appearance of such high energy HXR
sources from a preflare location is rather surprising. In addition,
we note that HXR sources were primarily concentrated at the
northern part of the AR, which is also the preflare location P1
(Figures 4(a), (c) and 5(c)—(d)) suggesting strong reconnection
and restructuring of the magnetic field lines. This is supported
by small-scale plasma ejection from this region (Figure 5).

During the late impulsive phase, which is accompanied with
fast eruption of the flux rope, nonthermal high energy HXR
sources (>50keV) were observed from the footpoint location
while lower energy X-ray sources (<25keV) were observed
from the apex of the post-flare arcade (Figure 5). Notably,
25-50keV HXR sources, probably containing a mix of thermal
and nonthermal emissions, were found from both looptop and
footpoint locations (Figures 5(e)-(h)). High energy HXR
footpoint sources can be interpreted in terms of a “thick-target
bremsstrahlung” model (Brown 1971; Hudson 1972; Syrovatskii
& Shmeleva 1972; Emslie 1983). According to this model,
highly accelerated electrons from the site of magnetic reconnec-
tion in the corona are injected downward into the transition
region and the chromospheric layers along the post-reconnection
magnetic field lines with relativistic speed. The relativistic
electrons collide with cool and dense chromospheric plasma and
deposit their energy with the production of HXR footpoint
sources (Korchak 1967a, 1967b; Cline et al. 1968; Moza et al.
1986; Brown et al. 2002; O’Flannagain et al. 2015; Reep et al.
2016). Two basic models of HXR flares—impulsive injection and
continuous injection models differ on the timescale of electron
acceleration. According to the impulsive injection model
proposed by Takakura & Kai (1966), electrons are accelerated
in multiple episodes of short timescales in magnetic traps (i.e.,
magnetic loops). In contrast, the continuous injection model
suggests continuous acceleration of electrons in dense chromo-
sphere (Kundu 1963; Acton 1968; Kane & Anderson 1970;
Brown 1971). In the view of multiple spikes in HXR time
profiles during the impulsive phase (Figure 3(b)) and multiple
type III bursts observed during the build up phase of the X1.0
flare (Figure 10), our analysis suggests the occurrence of discrete
events of particle acceleration during the impulsive phase. The
overall distribution of low energy looptop and high energy
footpoint X-ray sources, observed in our work, is in agreement
with the CSHKP model of solar eruptive flares and also
consistent with the general energy release scenario developed
during the RHESSI era (Krucker et al. 2003; Veronig et al. 2006;
Joshi et al. 2007, 2013).

During the impulsive phase of the X1.0 flare, the MFR
underwent fast acceleration (=~1.41 km s’2) with the enhance-
ment of its eruption speed to ~183 km s~ '. The brief but rapid
acceleration phase of the flux rope is cotemporal with the onset
time of multiple HXR bursts observed in the high energy
channels (=25 keV) of RHESSI (see Figures 7, 5, and 3(b)) and
a series of type III radio bursts (Figure 10). Type III radio
bursts are produced by near-relativistic electrons propagating
along the open magnetic field lines in the corona, restructured
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by the magnetic reconnection (Bastian et al. 1998; Reid &
Ratcliffe 2014; Chen et al. 2018a). The appearance of strong
looptop and footpoint HXR sources during the impulsive phase
implies rapid dissipation of magnetic energy in the current
sheet as a result of an increase in the rate of magnetic
reconnection (Sui & Holman 2003), which is also likely to be
responsible for the fast acceleration of the flux rope. While
studying full CME kinematics including the initiation and
impulsive acceleration phase of two fast halo CMEs and the
associated flares, Temmer et al. (2008) found a close
synchronization between the CME acceleration profile and
the flare energy release as indicated by the RHESSI HXR flux
onsets. They interpreted their results in terms of a feedback
relationship between CME dynamics and reconnection events
in the current sheet beneath the CME. Similar results were
reported by many subsequent studies (see, e.g., Zhang et al.
2012; Song et al. 2015a; Joshi et al. 2016).

5. Summary and Conclusions

We provide a comprehensive investigation of the unveiling
and subsequent eruption of an MFR, which we observationally
recognized in the form of an EUV hot channel. This quasi-
static hot channel was observed from at least 67 minutes before
its activation, evidencing the preexistence of the MFR in the
corona much prior to the CME initiation. These observations
readily support the idea that hot channel structures can be
regarded as the earliest signatures of a CME in the source
active region. Our work also focuses on the preflare activity
and its role in the destabilization of a stable MFR. The
prolonged preflare phase exhibited two distinct SXR peaks
which are characterized by small-scale energy release processes
within the confined regions. With respect to the preexisting
MEFR, one of the preflare events occurred at an “adjacent”
location while the second one was a “remote” activity but
within the active region. Importantly, the adjacent preflare
event took place near one of the footpoints of the MFR. The
activation of MFR occurred with the strong intensity enhance-
ment at the adjacent preflare activity location at HXR energies
besides EUV brightening. These observations imply toward
the role of preflare magnetic reconnections in the destabiliza-
tion of a stable MFR. The destabilization of an MFR can be
characterized by a gradual rise in the GOES SXR flux during
the precursor phase of a flare accompanied by slow elevation of
the MFR. A current sheet is formed underneath the destabilized
MEFR that subsequently reconnects to trigger the onset of the
“standard” flare. With the signatures of the initiation of large-
scale magnetic reconnection triggered by the eruptive MFR,
such as, high energy nonthermal HXR sources and multiple
type III radio bursts, the MFR underwent a transition from slow
to fast motions, which points toward a feedback relationship
between the initial CME acceleration and strength of the large-
scale magnetic reconnection.
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Abstract In this article, we study the origin of precursor flare activity and investigate its
role towards triggering the eruption of a flux rope which resulted into a dual-peak M-class
flare (SOL2015-06-21T02:36) in the active region NOAA 12371. The flare evolved in two
distinct phases with peak flux levels of M2.1 and M2.6 at an interval of & 54 min. The
active region exhibited striking moving magnetic features (MMFs) along with sunspot ro-
tation. Nonlinear force-free field (NLFFF) modelling of the active region corona reveals a
magnetic flux rope along the polarity inversion line in the trailing sunspot group which is
observationally manifested by the co-spatial structures of an active region filament and a hot
channel identified in the 304 and 94 A images, respectively, from the Atmospheric Imaging
Assembly (AIA). The active region underwent a prolonged phase of flux enhancement fol-
lowed by a relatively shorter period of flux cancellation prior to the onset of the flare which
led to the build up and activation of the flux rope. Extreme ultra-violet (EUV) images reveal
localised and structured pre-flare emission, from the region of MMFs, adjacent to the loca-
tion of the main flare. Our analysis reveals strong, localised regions of photospheric currents
of opposite polarities at the precursor location, thereby making the region susceptible to
small-scale magnetic reconnection. Precursor reconnection activity from this location most
likely induced a slipping reconnection towards the northern leg of the hot channel which
led to the destabilisation of the flux rope. The application of magnetic virial theorem sug-
gests that there was an overall growth of magnetic free energy in the active region during
the prolonged pre-flare phase which decayed rapidly after the hot channel eruption and its
successful transformation into a halo coronal mass ejection (CME).
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1. Introduction

Solar flares belong to the most spectacular phenomena occurring in the solar system. During
a flare, catastrophic energy release of the order as high as 10?” —103? erg occurs in the
solar atmosphere within tens of minutes. The released energy manifests its signatures in the
entire electromagnetic spectrum in the form of heat and particle acceleration (see reviews
by Fletcher et al., 2011; Benz, 2017). Major flares are often associated with large-scale
eruption of plasma from the solar corona known as coronal mass ejection (CME). Earth-
directed CMEs are known to cause geomagnetic storms and other hazardous effects at the
near-Earth environment. The precise understanding of the magnetic configuration of the flare
producing active regions (ARs) during the pre-flare phase and its role in triggering the large-
scale eruptions are among the most critical topics studied in the solar physics community
(see e.g., Mitra and Joshi, 2019).

The “standard flare model”, also known as CSHKP model (Carmichael, 1964; Sturrock,
1966; Hirayama, 1974; Kopp and Pneuman, 1976), recognizes the presence of magnetic
flux rope (MFR) in the AR corona as the prerequisite for the initiation of eruptive flares.
An MEFR is recognised as sets of magnetic field lines which are twisted around its central
axis more than once (Gibson and Fan, 2006). These complex structures are believed to be
formed as a result of flux cancellation over the polarity inversion line (PIL) through photo-
spheric shearing and converging motions (van Ballegooijen and Martens, 1989); however,
the exact mechanism for flux rope formation is still unclear and debatable. Observation-
ally, MFRs have been identified in the form of different solar features, such as, filaments,
prominences, filament channels, hot coronal channels, and coronal sigmoids. Filaments are
threadlike structures which are observed as dark long narrow features in the chromospheric
images of the Sun (Zirin, 1988; Martin, 1998). When these structures are observed over the
limb, they appear brighter than the background sky and are called prominences (Tandberg-
Hanssen, 1995; Parenti, 2014). Filament channels are voids without plages or chromospheric
fine structures such as spicules or fibrils efc. (Martres and Michard, 1966; Gaizauskas et al.,
1997). These are long, narrow, extended structures situated over the PIL where filaments or
prominences are formed (Engvold, 1997).

While filaments and filament channels are observed in the absorption lines of choromo-
spheric images, sigmoids and hot channels are observed in the emission line features of the
solar corona. Sigmoids are “S” (or inverted “S”) shaped structures that are observed in the
soft X-ray (SXR) and the extreme ultra-violet (EUV) images of the Sun (Rust and Kumar,
1996; Manoharan et al., 1996). Hot channels are coherent structures observed in the high
temperature pass-band EUV images of the solar corona (Zhang, Cheng, and Ding, 2012;
Cheng et al., 2013). These are often found in association with coronal sigmoids (see e.g.,
Cheng et al., 2014a; Joshi et al., 2017; Mitra et al., 2018). Their frequent co-existence with
filaments confirms that filaments and hot channels are different observational manifestations
of MFRs lying in the chromospheric and coronal heights, respectively (Cheng et al., 2014b).
However, the most important feature of hot channels and coronal sigmoids is their frequent
association with CMEs which has been suggested by several case studies and statistical
surveys (see e.g., Nindos et al., 2015).

@ Springer



Pre-flare Processes and Flux Rope Eruption Page30f28 29

The temporal evolution of a typical eruptive flare can be summarized in three phases:
pre-flare/precursor phase, impulsive phase, and gradual phase. While the processes occur-
ring during the impulsive and gradual phases are broadly explained by the CSHKP model
(Shibata, 1996), the pre-flare phase is still ill-understood. Pre-flare activities are considered
to be important in order to understand the physical conditions that lead to flares and asso-
ciated eruptions (see e.g., Farnik, Hudson, and Watanabe, 1996; Chifor et al., 2006; Joshi
et al., 2011). Although it is well understood that a significant fraction of all the major flares
are associated with pre-flare events, the causal relation between them requires investigation
in detail through multi-wavelength case studies. Thanks to the high resolution and high ca-
dence observations of the Atmospheric Imaging Assembly (AIA; Lemen et al., 2012) and the
Helioseismic and Magnetic Imager (HMI; Schou et al., 2012) on board the Solar Dynamics
Observatory (SDO; Pesnell, Thompson, and Chamberlin, 2012), in the recent years, there
has been a progress in understanding the short-lived pre-flare events and precursor emission.

In this article we present a detailed multi-wavelength analysis of the pre-flare processes
associated with a dual-peak M-class flare on 21 June 2015. The reported events occurred
in the AR NOAA 12371 which was among the prominent ARs of the Solar Cycle 24. The
M-class flares produced by this AR on 21 and 22 June 2015 have been subjected to a num-
ber of studies (see e.g., Manoharan et al., 2016; Cheng and Ding, 2016; Jing et al., 2017,
Vemareddy, 2017; Piersanti et al., 2017; Bi et al., 2017; Lee et al., 2017; Wang et al., 2018;
Lee et al., 2018; Kuroda et al., 2018; Joshi et al., 2018; Gopalswamy et al., 2018; Liu
et al., 2019). Our rigorous analysis aims to provide a clear understanding of the pre-flare
energy release processes and the role of the pre-flare activity in triggering the flux rope
eruption during the complex M-class flare that displayed characteristics of a long duration
event (LDE) of energy release. Section 2 provides a detailed account of the observational
data and analysis techniques used in this article. In Section 3, we discuss the evolution of
the AR NOAA 12371 in detail. The results obtained on the basis of multi-wavelength anal-
ysis and photospheric measurements are discussed in Section 4. Nonlinear force-free field
(NLFFF) extrapolation results and evolution of magnetic free energy in the AR are provided
in Section 5. We discuss and interpret our results in Section 6.

2. Observational Data and Methods

Solar observation in EUV wavelengths were obtained from the Atmospheric Imaging Assem-
bly (AIA; Lemen et al., 2012) on board the Solar Dynamics Observatory (SDO; Pesnell,
Thompson, and Chamberlin, 2012). Among the seven EUV filters of AIA (94 A, 131 A,
171 A, 193 A, 211 A, 304 A, and 335 A), we have focused on the 4096 x 4096 pixel full-
disk solar images in the 94 and 304 A channels at a spatial resolution of 0.”6 pixel ' and
temporal cadence of 12 s.

For studying the photospheric structures and their evolution, we have used intensity and
magnetogram images taken by the Helioseismic and Magnetic Imager (HMI; Schou et al.,
2012) on board SDO. HMI produces full-disk line of sight (LOS) intensity (continuum) and
magnetogram images of 4096 x 4096 pixels at a spatial resolution of 0.”5 pixel ™! and 45 s
temporal cadence while the vector magnetograms are produced with a temporal cadence of
720 s.

Coronal magnetic field extrapolation has been carried out by employing the optimisation
based nonlinear force-free field (NLFFF) extrapolation method developed by Wiegelmann
and Inhester (2010), Wiegelmann et al. (2012), using photospheric vector magnetograms
from the “hmi.sharp_cea_720s” series of HMI/SDO at a spatial resolution of 1.”0 pixel ™!
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as boundary conditions. Extrapolations have been done in a Cartesian volume of 474 x
226 x 226 pixels which translates to a physical volume with dimensions ~ 344 x 164 x
164 Mm. Using NLFFF extrapolation results, we calculated the squashing factor (Q) in the
extrapolation-volume by employing the code introduced by Liu et al. (2016). For visualizing
the extrapolated coronal field lines, we have used Visualization and Analysis Platform for
Ocean, Atmosphere, and Solar Researchers (VAPOR; Clyne et al., 2007) software.

X-ray observation during the flare was provided by the Reuven Ramaty High Energy So-
lar Spectroscopic Imager (RHESSI; Lin et al., 2002). RHESSI observed the full Sun with an
unprecedented spatial resolution (as fine as ~ 2.”3) and energy resolution (1 —5 keV) in the
energy range 3 —17 MeV. For imaging of the X-ray sources using RHESSI observation, we
have used the CLEAN algorithm (Hurford ez al., 2002) with the natural weighting scheme
for front detector segments 2 -9 (excluding 7).

3. Magnetic Structure of the Active Region NOAA 12371
3.1. Morphology and Build up of Magnetic Complexity

The AR NOAA 12371 appeared on the eastern limb of the Sun during the last hours of 15
June 2015 as a moderately complex B-type sunspot. Flaring activity from the AR was noted
to start from 16 June 2015. Interestingly, despite producing numerous B and C class flares
alongside few M-class ones, it did not produce any X-class flare. By 18 June 2015, it grad-
ually became a more complex By -type sunspot (Figure 1a) and produced its first M-class
flare on the same day. The AR evolved into the most complex By é-type (Figure 1b) on the
next day, i.e. 19 June 2015. The highest flaring activity from the AR was observed during
20-22 June 2015. In this duration, it produced 3 M-class flares along with many C- and
B-class flares. The AR started to decay after 22 June 2015. In Table 1, we summarise vari-
ous evolutionary aspects of NOAA 12371 during its disk passage during 18 —25 June 2015
which are collected from the NOAA Solar Region Summary (SRS) reports.! The magnetic
configuration of the AR reduced to By -type on 25 June 2015 (Figure 1h) and even further
to B-type on 29 June 2015 just before it went on to the far side of the Sun from the western
limb. During its lifetime on the visible hemisphere of the Sun, it produced a total of 5 M-
class flares, which are also listed in Table 1. Notably, the AR produced the largest flare of
class M7.9 on 25 June 2015 when it had entered into the declining phase. However, in terms
of space weather manifestations, the most interesting eruptive flare from the AR occurred
on 21 June 2015. This event followed the characteristics of a long duration flare with peak
GOES flux reaching a level of M2.6 and a fast CME? with linear speed of 1366 kms™!.

3.2. Evolution of Photospheric Magnetic Flux

To have a comprehensive understanding of the photospheric magnetic activities during the
prolonged phase of energy build up and subsequent flaring activity on 21 June 2015, we
have thoroughly examined large as well as small-scale changes in the LOS magnetograms.
During this period, the AR was consisted of two major sunspot groups (Figure 2a). A com-
parison of the white light image of the AR with a co-temporal magnetogram (cf. Figures 2a
and b) reveals that almost all of the leading sunspot group of the AR was consisted of

ISee https://www.swpc.noaa.gov/products/solar-region-summary.

2See https://cdaw.gsfc.nasa.gov/CME_list/index.html.
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Table 1 Evolution of the AR NOAA 12371 during its peak activity period and summary of the major flares

produced by it.

Sr. Date Heliographic AR Area (Millionth GOES flare class
No. co-ordinates configuration of hemisphere) (peak time (UT))
1 2015 June 18 ~NI12E53 By ~ 520 M3.0 (17:36)

2 2015 June 19 ~NI12E39 Byéd ~ 810 -

3 2015 June 20 ~ NI13E27 Bysd ~ 1020 M1.0 (06:48)

4 2015 June 21 ~NI13E14 Bysd ~ 1120 M2.6 (02:36)

5 2015 June 22 ~N13WO00 Bysd ~ 1180 M6.5 (18:23)

6 2015 June 23 ~NI3W13 Bysd ~ 1070 -

7 2015 June 24 ~NI2W28 Byéd ~ 950 -

8 2015 June 25 ~N11W40 By ~ 740 M?7.9 (08:16)

Figure 1 Line-of-sight (LOS) magnetograms showing the synoptic overview of the photospheric magnetic
structure of the AR NOAA 12371 during 18-25 June 2015. Magnetic configuration of the active region on

18—=Jun—2015 05:59:10 UT

19-Juh—2015 05:59:10 UT

(B96)

20—-Jun—2015 05:59:10 UT

4

(B96)

21=Jun—2015 05:59:10 UT

py

ﬁ .

(Bys)

22-Jun—=2015 05:59:10 UT

23-Jun—2015 05:59:10 UT

T
a“

24-=Jun—=2015 05:59:10 UT |

25-Jun—2015 05:59:10 UT

each day is annotated in the corresponding panel.

@ Springer



29 Page 6 of 28 PK. Mitra et al.

Figure 2 (a): A white light SDO HMI fc. 21=Jun=2015 01:14:55 UT
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negative polarity while the trailing sunspot group was of mixed polarities forming é-type
configuration. In this manner, the overall photospheric configuration of magnetic polarities
of the AR made it a 8y § sunspot region.

In Figure 3, we plot the evolution of the LOS magnetic flux through the whole AR as
well as only from the trailing sunspot region from 20 June 2015 12:00 UT to 21 June 2015
05:00 UT. The trailing sunspot group has been shown in the box in Figure 3a. Notably, the
eruptive flare under investigation was triggered from this region. The evolution of the trailing
sunspot group of the AR can be inferred by comparing Figures 3b1 and 3b2 which present
enlarged view of the selected region at two different times. The area marked by dashed
circles shows rapidly evolving magnetic elements and moving magnetic features (MMFs)
which are discussed in the next subsection. From Figure 3c, we readily find that both the
positive and negative flux from the AR increased during ~ 13:30—23:00 UT on 20 June
2015 and thereafter decreased till the onset of the flare at ~01:05 UT on 21 June 2015.
Based on the flux variations, we have divided the whole interval in two phases: “phase 17;
when the active region displayed flux enhancement in both the polarities, and “phase 27;
when flux of both polarities decayed. Evolution of magnetic flux in the trailing sunspot
group, (i.e. the flaring region) displayed similar variation as the entire AR (Figure 3d). In
phase 1, flux of both polarities increased; however, increase of positive flux was more than
that of negative flux. Flux of both polarities decayed at similar rate during phase 2. To
have an understanding of flaring activity in the AR, we have plotted the variation of GOES
SXR flux along with AIA 94 A light curve from 20 June 2015 12:00 UT to 21 June 2015
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Figure 3 (a): HMI LOS magnetogram of AR 12371. We outline the flaring region in the AR by the black
box. (bl) and (b2): the flaring region as indicated by the black box in (a), at two different times with a
time-gap of ~ 23 hours. The red dashed circles in these two panels mark the region with striking moving
magnetic features (MMFs). (¢): Evolution of magnetic flux in the whole AR from 20 June 2015 12:00 UT to
21 June 2015 05:00 UT. (d): Evolution of magnetic flux in the flaring region (within the box in (a)). In (e),
we plot GOES SXR light curves in both the channels as well as the AIA 94 A intensity profile. In (c)—(e),
the interval marked as “phase 1” depicts flux emergence of both polarities in the AR as well as flaring region.
The “phase 17 was followed by a period of flux cancellation of both polarities (“phase 2”; the shaded region)
which lasts up to the initiation of the M-class flare on 21 June 2015.
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Figure 4 Series of LOS magnetograms showing the evolution of the leading sunspot group of the AR (shown
within the red box in Figure 2b). We have identified a small, nearly circular patch that exhibited significant
clockwise rotation (indicated by the blue arrows) and another small magnetic patch displayed converging
motion towards the sunspot (indicated by the red arrows).

05:00 UT in Figure 3e. We find that, during the selected interval, there was no appreciable
enhancement of SXR and EUV fluxes prior to the onset of the M-class flare on 21 June 2015
at ~01:05 UT.

3.3. Sunspot Rotation and Moving Magnetic Features

The AR NOAA 12371 underwent significant morphological changes prior to the reported
flare, which include MMFs, emerging/cancelling flux elements, and sunspot rotation. To
highlight these features, we have identified two sub-regions in the AR with most prominent
photospheric changes which are marked by the red and blue coloured boxes in Figure 2b.
The leading sunspot group of the AR (inside the red box in Figure 2b) was associated with a
very interesting display of morphological evolution (see the animation associated with Fig-
ure 2). We note that the extension of the leading sunspot group along the east-west direction

@ Springer



Pre-flare Processes and Flux Rope Eruption Page 90f28 29

20-Jun-2015 12:00:40 UT ~ 20-Jun—2015 16:29:10 UT

(a) W

210

200

190

Y (arcsec)

180

20-Jun-2015 19:14:10 UT ~ 20-Jun-2015 21:59:10 UT

y

210

200

190

Y (orcsec)

180

210

200

©o
o

Y (arcsec)

180

-250 -240 -230 -220 -210-250 -240 -230 -220 -210
X (arcsec) X (arcsec)

Figure 5 Series of LOS magnetograms of the selected region shown within the blue box in Figure 2b show-
ing striking and rapidly evolving MMFs along with flux emergence and cancellation. The red arrows indicate
an MMF of a negative polarity. The green arrow indicates a region associated with cancellation of positive
flux.

increased from & 55" at 20 June 2015 12:00 UT to & 65" prior to the onset of the flare. Dur-
ing the same time, the north—south extension of the leading sunspot group decreased from
~ 40" to &~ 35" (cf. Figures 4a and f). Further, a small circular element of negative polarity
(indicated by the blue arrows in Figure 4) exhibited continuous motion along the south-
ern boundary of the leading sunspot group. The diagonal expansion of the region alongside
the motions of the small patch suggest “clockwise rotation” of the overall leading sunspot
group. We also identify a distinct patch of small magnetic region (indicated by the red ar-
rows in Figure 4) which, after initially exhibiting constant converging motion toward the
major sunspot, merged with it during the final hours of 20 June 2015 (Figure 4e).
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Figure 6 (a): GOES SXR flux variation in the 1 —8 A (magenta) and 0.5 -4 A (green) channels showing the
initiation and evolution of the dual-peak M-class flare on 21 June 2015. (b): Normalized intensity variations
in the 94 A (green), 304 A (red), 171 A (blue), and 1600 A (yellow) channels of AIA during the flare. For
better visualisation, the AIA channels are scaled by factors of 0.5, 0.65, 0.8, and 0.9, respectively. The dashed
and dotted lines in both the panels indicate two precursor events identified in the GOES SXR channels prior
to the initiation of the main flare. The two peaks of the main flare are indicated by the solid lines in (a) during
which GOES 1-8 A flux attained levels of M2.1 and M2.6, respectively. The solid line in (b) indicates an
impulsive but short-lived intensity enhancement observed in the AIA 304, 171, and 1600 A channels. An
animation of this figure is provided in the supplementary materials.

In Figure 5, we show the evolution of the region inside the blue box (Figure 2b) where
we have indicated two particular features by red and green arrows. The red arrows indicate
a striking MMF element of negative polarity which also shows significant morphological
changes (see animation with Figure 2). The green arrows mark persistent cancellation of a
positive flux element as the negative MMF moves toward north—west direction.

4. Multi-wavelength Observations of the Eruptive Flare

4.1. Overview of the Event

The temporal evolution of the M-class flare on 21 June 2015 is depicted by the flux variation
in the Geostationary Operational Environmental Satellite (GOES) 1-8 A and 0.5-4 A
channels which are plotted between 21 June 2015 00:00 UT and 05:00 UT in Figure 6a. The
GOES profiles suggest that the eruptive flare evolved in two phases. According to the GOES
1-8 A time profile, the event started at ~ 01:20 UT while the peaks of the two subsequent
episodes of energy release were recorded at 01:42 and 02:36 UT during which the flux rose
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to the levels of M2.1 and M2.6, respectively. Further, the flare was associated with two brief
pre-flare flux enhancements at & 01:05 and ~ 01:14 UT (indicated by the dashed and dotted
lines, respectively, in Figure 6). Profile of GOES 0.5—4 A channel clearly shows that, while
the flux enhancement during the first pre-flare peak was quite impulsive and short-lived, it
was relatively gradual during the second pre-flare peak. Based on the temporal and spatial
characteristics (discussed in the next subsection) of the episodic pre-flare enhancements, we
refer to them as SXR precursors.

In Figure 6b, we display the intensity variation of AIA (E)UV channels on 21 June 2015
from 00:00 UT to 05:00 UT. We note that none of the AIA intensity profiles exhibited en-
hancement during the first GOES precursor while a subtle enhancement was observed during
the second precursor in the AIA 304 and 171 A channels (cf. the dashed and dotted lines
in Figure 6a and b). Intensity in all the AIA channels, except the 94 A channel, displayed a
sharp peak at &~ 01:36 UT (indicated by the solid line in Figure 6b) while the second peak
in these AIA channels was rather gradual. The intensity variation in the AIA 94 A channel
diverged from other AIA channels in the timing and extended duration of the peaks. Inter-
estingly, the AIA 94 A channel displayed three distinct peaks, first and second ones of which
were consistent with the GOES M2.1 and the GOES M2.6 peaks, respectively. The highest
of the three AIA 94 A peaks occurred during the gradual phase of the M-class flare. The
flare moved into the gradual phase after ~03:00 UT in all the AIA (E)UV and GOES SXR
channels.

4.2. Two-phase Flare Emission and Flux Rope Eruption

In Figure 7, we plot a series of AIA 94 A images displaying the AR NOAA 12371 dur-
ing different phases of the M-class flare. We readily observe the presence of a prominent
hot channel at the core of the AR during the pre-flare phase (indicated by the yellow arrow
in Figure 7b). Comparison of the location of the hot channel with the HMI LOS magne-
togram contours in Figure 7a confirms that the hot channel was lying over the PIL in the
trailing sunspot of the AR. After ~ 00:52 UT, we observed a localized yet prominent bright-
ening from a location near to the hot channel (indicated by the red arrow in Figure 7b).
We note that hard X-ray (HXR) emission of energies up to ~ 25 keV originated from this
location of pre-flare EUV brightenings. The examination of series of AIA 94 A images sug-
gest that the brightness of this localized region initially increased up to ~01:05 UT and
then decreased till ~01:10 UT before increasing again. These pre-flare episodic brighten-
ings observed in AIA 94 A images are exactly co-temporal with the GOES SXR precursors
observed at ~ 01:05 UT and ~ 01:14 UT (cf. Figure 6a). A very interesting phenomena was
observed around ~01:28 UT in terms of anti-clockwise motion of brightness depicting a
narrow semicircular path from the northern end of the region of precursor brightening to
the northern leg of the hot channel. This moving flash in indicated by the red arrows in
Figures 7c and d. The flare entered into the impulsive rise phase by = 01:20 UT as the hot
channel got activated. During this time, we noted HXR emission of energies up to &~ 25 keV
predominantly from the northern part of the hot channel. The progression of brightness
from the adjacent precursor region to the northern leg of the hot channel was immediately
followed by eruption of the hot channel, i.e. the eruption was triggered. In Figure 7d, we in-
dicate the direction of the hot channel eruption by the blue arrows. The eruption phase was
followed by formation of post-flare arcade in the trailing sunspot (Figures 7e and f) which
are associated with HXR emission of energies up to &~ 25 keV. A second phase of the erup-
tion was observed between ~ 01:53 UT and =~ 02:05 UT followed by further restructuring of
the AR loops at even larger scales, as inferred from the formation of large post-flare arcade
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Figure 7 Series of AIA 94 A images showing the evolution of the M-class flare on 21 June 2015 from the AR
NOAA 12371. A distinct hot channel was observed during the pre-flare phase over the polarity inversion line
in the AR which is marked by the yellow arrow in (b). A remote brightening observed prior to the onset of the
flare is indicated by the red arrow in (b). The red arrows in (¢) and (d) indicate a moving flash connecting the
remote region and the northern leg of the hot channel. The blue arrows in (d) indicate the direction of erupting
plasma during the impulsive phase of the flare. Co-temporal HMI LOS magnetogram contours are overplotted
in (a) and (i) at (500, 800, 1500, 2000) G. Red and yellow contours refer to negative and positive polarities,
respectively. Co-temporal RHESSI contours in the energy bands 6 —12 keV (red) and 12—25 keV (blue) are
overplotted in selective panels. Contour levels are 60%, 80% and 95% of the corresponding peak flux. All the
images are derotated to 21 Jun 2015 00:30 UT.
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connecting the trailing sunspot with the leading sunspot. The large post-flare arcade was
associated with strong diffused emission till &~ 02:40 UT (Figure 7g) when the flare reached
its second peak. The active region did not show any significant morphological change after-
wards till the end of our studied period except the brightness of the large post-flare arcade
slowly reduced as the flare had moved into the gradual phase (Figures 7h, 1). The above
observations led Joshi et al. (2018) to conclude that two distinct phases of magnetic recon-
nection occurred successively at two separate locations and heights of the AR corona in the
wake of single, large hot channel eruption. Based on the temporal and spatial proximity of
the two distinct energy release phases along with spectral characteristics of emission, Lee
et al. (2018) has termed the two-phases of energy release as the signature of a “composite
flare” triggered by the flux rope eruption.

To have a further clarification on the triggering of the hot channel eruption, we selected
three slits and computed time-slice diagrams along them (Figure 8). These time-slice dia-
grams can be effectively used to observe the time evolution of plasma eruption and bright-
ness progression along the selected slits (see also the animation associated with Figure 8).
From Figure 8b, we find that the motion of brightness (apparent signatures of slipping re-
connection) from the precursor location started at ~01:26 UT. We have highlighted the
motion of the brightness in Figure 8b by a dotted curve. The estimated time of the arrival
of the brightness at the T, point is indicated by the dashed vertical line in Figures 8b—c.
From Figures 8c and d, it becomes evident that the eruption started immediately after the
progression of brightness reached the core of the AR, i.e. the eruption was triggered by the
processes linked with the moving brightness.

In Figure 9, we display a series of AIA 304 A channel showing the evolution of the AR
during the M-class flare. A filament (marked by the blue arrow in Figure 9b) was observed
to lie along the PIL in the trailing sunspot region (cf. Figure 9b with HMI LOS contours
in Figure 9a) which is co-spatial with the location of the hot channel observed in the AIA
94 A channel images (cf. Figures 9b and 7b). The adjacent precursor activity was observed
in the AIA 304 A images also (Figure 9b and c). During the impulsive phase of the M-
class flare, a clear set of flare ribbons formed in the trailing sunspot region (indicated by the
arrows in Figure 9d). As expected from the standard flare scenario, the separation between
the two ribbons increased, albeit rather slowly, with time and a dense post-flare arcade was
eventually formed connecting the two ribbons (Figures 9d —h).

4.3. Small-scale Pre-eruption Processes

From AIA EUV images (Figures 7 and 9) it is clearly understood that the earliest flare bright-
ening occurred at the west of the pre-existing hot channel, (i.e. MFR) which evolved with
time but remained within a localized region. As discussed earlier, we identify this bright-
ening as GOES SXR precursor (see Figure 6a). This was followed by the activation and
eruption of the hot channel as a sequence of activities. We recall that this region of precur-
sor brightening was associated with rapidly evolving dispersed magnetic field of positive
and negative polarities in which MMFs were observed besides emergence and cancella-
tion of magnetic flux (Figure 5). The precursor activities and its relation to the small-scale
magnetic field changes are further analysed in Figure 10. In Figure 10a, we highlight the re-
gion of precursor brightening over the HMI magnetogram by the box and show co-temporal
overplots of the AIA 94 A images with the magnetograms in Figures 10b1 —b3. We identify
several instances of flux emergence and cancellation of both polarities which are indicated
by the arrows of different colours and the boxes in Figures 10b1 —b3. In Figure 10c, we
show the evolution of LOS magnetic flux from the region shown within the box in Fig-
ure 10a on 21 June 2015 from 00:00 UT till the onset of the impulsive phase of the flare
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Figure 8 (a): AIA 94 A images prior to the onset of the hot channel eruption. The three curves (marked
by T1T, NNy, and S1S;) indicate three slits along which time-slice diagrams are computed. (b)—(d):
Time-slice diagrams corresponding to the slits T T, N1N», and S S, respectively. The dotted curve in (b)
indicate the anti-clockwise motion of the subtle brightness from the precursor location to the northern leg of
the hot channel. Dotted curves in (¢) and (d) highlight the eruptive motion of the hot channel. The dashed
vertical line in (b)—(d) indicate the estimated time of the arrival of the brightness to the northern leg of the
hot channel along T|T,. An animation of this figure is provided in the supplementary materials.

at ~ 01:20 UT. We find that magnetic flux of both positive and negative polarities exhib-
ited episodic increase and decrease from the region, further implying significant small-scale
flux variations. Notably, the overall trend of positive flux in this region displayed a slow
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Figure 9 Series of AIA 304 A images displaying different phases of the M-class flare. A filament was
observed (indicated by the blue arrow in (b)) which was co-spatial to the hot channel (cf. Figure 7b). The
remote brightening and the moving flash are indicated by the green arrow in (b) and (c), respectively. The
white arrows in (d) mark the two flare ribbons during the impulsive phase of the flare. Co-temporal HMI LOS
magnetogram contours are overplotted in (a) and (i) at (500, 800, 1500, 2000) G. Green and sky contours
refer to positive and negative polarity, respectively. All the images are derotated to 21 Jun 2015 00:30 UT.

decay while the negative flux increased initially up to ~00:25 UT and decayed gradually
thereafter.

4.4. Morphology and Evolution of Photospheric Longitudinal Current

Electric current density on the photosphere, being a direct consequence of flux emergence
and decay as well as photospheric motions, is expected to provide important insights toward
understanding the onset of flares. The longitudinal component of current density (j,) on the
photosphere can be calculated from horizontal components of magnetic field (B, and By)

@ Springer



29 Page 16 of 28 PK. Mitra et al.

SDO HMI 21—=Jun—2015 00:59:55 UT

240
220
200
180

Y (arcsec)

160
140 5

120
100

-300 —-250 —200 -150 -100
X (arcsec)
21-Jun—-2015 00:56:13 UT 21-Jun-2015 01:05:25 UT 21-Jun—-2015 01:20:13 UT

240

220

200

Y (arcsec)

180

160

—250-240-230-220-210-200-190-250-240 -230-220-210-200-190-250 -240-230-220-210-200-190

Py X (arcsec) X (arcsec) X (arcsec) Py
é 6.0 E g -2.30 é
£ 5.9E =-2.25 7
o =-2.200
X 3.8F 3 Ro?
x E —-2.15 x
=S¢ Positive =-2.10%
28’ 5.6E - — Negative . 3505 Eg‘
00:00 00:15 00:30 00:45 01:00 01:15

Start Time (21-Jun—15 00:00:00)

Figure 10 (a): HMI LOS magnetogram of AR 12371 prior to the onset of the M-class flare reported in this
article. The box in (a) outlines the region that displayed small-scale magnetic field changes along with MMFs.
(b1)—(b3): AIA 94 A images of the region, shown within the box in (a), are overplotted with co-temporal
LOS magnetograms. Black and red contours refer to negative and positive polarities, respectively. Contour
levels are 25 G. The arrows and the boxes in these panels indicate different instances of flux emergence and
decay in this region prior to the triggering of the flare. All the images in (a) and (b1)—(b3) are derotated to
21 Jun 2015 01:00 UT. In (c), we display the variation of magnetic flux in the region within the box in (a) on
21 Jun 2015 from 00:00 UT up to the onset of the flare at ~ 01:20 UT. The shaded region in (c) denotes the
interval of precursor enhancements observed in GOES SXR channels.

using Ampere’s law (Tan et al., 2006; Kontogiannis et al., 2017):

__1 dB, dB, )
Jz_u,o dx dy
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Figure 11 (a): Distribution of longitudinal component of the photospheric current in AR 12371 on 21 June
2015 00:00 UT. The region associated with precursor brightening is enclosed by the box in (a). Note that, for
better visualisation, we have saturated the I, values at 0.5 x 1010 A in (a). The approximate location of the
hot channel is indicated by the red-black dashed line in (a). In (b) and (c), we plot the variation of vertical
component of photospheric current within the entire AR and within the box in (a), respectively. The vertical
bars represent 1o uncertainty in the calculation. For comparison, we have plotted the variation of GOES SXR
channels in (d).
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From current density (j,), we derive current (/,) by multiplying j, with the area of one
pixel, i.e. & 13.14 x 10'° m?. In Figure 11, we plot the temporal evolution of average I, for
the overall active region (Figure 11b) as well as the location of precursor brightening (Fig-
ure 11c). From the spatial distribution of I, prior to the hot channel activation (Figure 11a),
we find large concentration of positive and negative currents along the narrow strip delin-
eated by the PIL with the maximum and minimum values of I, in the active region being
2.09 x 10" A and —2.24 x 10'° A, respectively. It is noteworthy that the region displaying
precursor brightenings in the corona and underlying MMFs in the photosphere exhibited
a complex distribution of /,. We have indicated this region in the box in Figure 11a and
identify this as the triggering region. We find that in the overall AR, both positive and nega-
tive currents experienced a slow variation. Both the positive and negative components of 7,
slowly increased during the pre-flare phase of the flare and decreased once the flare onset
took place.

In Figure 12, we show the evolution of the spatial distribution of I, in the triggering
region of the AR (within the box in Figure 11a). For convenience, we have plotted GOES
SXR light curves in Figure 12a where the timings of the Figures 12b — g are indicated by the
vertical lines. We find that, in the triggering location, small-scale regions of both positive
and negative I, were mostly distributed randomly. However, an interesting structure of the
shape “A” formed by I, was very clear in the region during the pre-flare phase (outlined
by pink—black dashed lines in Figure 12b). In the “A” shaped distribution, the left arm was
completely made of negative I, while the right arm was consisted of the positive I, in the
northern part and negative I, in the southern part. The connecting part of the arms in the
“A” was consisted of positive ;. During the SXR precursor enhancement, in the northern
tip of the structure (outlined by the oval shape in Figures 12b—g), I, of opposite polarities
became very close to each other (Figures 12b and c¢) which may be ideal for dissipation of
current in the form of magnetic reconnection. As Figures 12d — g suggest, with the evolution
of the flare, strength of I, at the tip of the “A” significantly decreased and the left arm of the
“A” became fragmented (see region inside the box in Figures 12b—g). We spotted another
interesting feature from Figures 12b—g in the form of appearance and decay of a positive
current region which we indicate by the black arrows.

5. Nonlinear Force Free Field Extrapolation Results
5.1. Modelled Coronal Magnetic Configuration

In order to understand the coronal connectivities between the photospheric magnetic polar-
ities of the AR, we performed a nonlinear force-free field (NLFFF) extrapolation. For the
purpose, we selected an HMI magnetogram at 01:00 UT on 21 June 2015 which represents
the photospheric configuration prior to the onset of eruption (Figure 13a). In Figures 13b
and c, we display different sets of NLFFF lines associated with the trailing sunspot group,
from top and side views, respectively. The NLFFF extrapolation results readily suggest the
presence of an extended flux rope (shown by sky-coloured lines) over the PIL which was
enveloped by a set of low coronal closed loops (shown by blue lines) connecting the op-
posite polarity regions of the trailing sunspot group. Importantly, the modelled flux rope is
situated at the same location where the hot coronal channel was identified in the AIA images
(cf. Figure 13b and 7a). The coronal configuration associated with the precursor brightening
region is displayed by the pink lines in Figure 13. Further, we identified a set of closed field
lines (shown by the yellow lines) connecting the opposite polarity regions in the trailing
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Figure 12 (a): GOES SXR light curves showing the evolution of the M-class flare. In (b) —(g), we plot the
distribution of vertical component of photospheric current over the region shown within the box in Figure
11a at six different times as indicated by the black lines in (a). Notably, on a whole, few regions of strong
current of opposite polarity constitute a structure similar to the letter “A” which is outlined by the black-pink
dashed lines in (b). We highlight few major changes in the distribution of current by the arrow, oval and box

in (¢)—(g). For better visualisation, values of I, are saturated at 0.5 x 1019 A. Maximum and minimum
values of I, with order of 1019 A within the selected FOV are indicated in each of these panels.

sunspot group, a part of which are situated at a very close proximity to the pink lines (see
Figure 13c). Notably, the anti-clockwise motion of the brightness from the precursor loca-
tion, clearly revealed by the time-slice diagram shown in Figure 8a, matches reasonably well
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Figure 13 (a): CEA projected vertical component (B;) of the HMI vector magnetogram of the AR NOAA
12371 at 01:00 UT on 21 June 2015. Blue and red arrows over the magnetogram indicate the horizontal
component of magnetic field associated with positive and negative (B;), respectively. (b)—(e): Modelled
coronal magnetic configuration based on the NLFFF extrapolation results of the vector magnetogram shown
in (a). Different sets of NLFFF field lines associated with the trailing sunspot group, i.e. within the green
box in (a), from top and side views, are shown in (b) and (c¢), respectively. The neon-green coloured region
(also marked by the black arrow) indicate regions characterised by log(Q) > 9. In (d) and (e), we show
the top and side view of the model lines in the whole FOV as in (a). The blue regions (also marked by the
black arrow) in (d) indicate a region possessing high Q value (log(Q) > 8). The background white boundary
behind the green lines in (d) direct to the north. In all the panels, photospheric regions shown by a red colour
are characterised by log(Q) > 7.

with the footpoints of the yellow lines. We also note that a few of the yellow and pink lines
displayed a drastic change in the field-line linkage. In literature, such structures are termed
quasi-separatrix layers (QSLs) and are characterised by high squashing factor (Q; see, Priest
and Démoulin, 1995). The Q value of this region is found to be higher than 10° (shown by
the neon-green coloured patch and the black arrow in Figure 13c).
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To have a further insight of the anti-clockwise motion of the brightening prior to the erup-
tion of the hot channel, we show the photospheric regions with a Q value greater than 10’
by a red colour in Figures 13b—e. We find that the footpoints of the yellow lines perfectly
match with regions of high Q values (Figure 13c) which implies that the anti-clockwise
motion of brightness from the precursor location was a slipping reconnection (see e.g., Dé-
moulin et al., 1997; Craig and Effenberger, 2014; Janvier et al., 2016).

In Figures 13d and e, we display the coronal connectivities in the whole AR from top
and side views, respectively. We note the presence of large coronal loops that connected the
positive regions of the trailing sunspot group to the leading negative sunspot group (shown
by green lines in Figure 13d —e). Also, a part of the green lines originating at the positive po-
larity region were connected with the adjacent negative polarity region of the same sunspot
group. These two sets of green lines constituted a second QSL (log(Q) > 8) which we have
indicated by a black arrow and the blue coloured patch in Figure 13d. The observations
of spatial progression of brightness within the same region (Figures 7f—g, 9f— h and ani-
mation associated with Figure 6) are consistent with the scenario of slipping reconnection.
Interestingly, the same region of high Q value was associated with a large-scale slipping re-
connection event during the M-class flare on 22 June 2015 (Jing et al., 2017) which implies
that the large-scale magnetic structure associated with the active region remained preserved
on the next day despite the eruption of a halo CME on 21 June 2015.

5.2. Evolution of Magnetic Free Energy

The magnetic free energy (Er) associated with an AR is important in order to understand
the energy budget of the flares originated from that AR. E can be estimated by the formula

B\ Bp?
EF:EN—EP: gdv— gdv (2)

where En and Ep are non-potential energy and potential energy, respectively. We have cal-
culated magnetic energy stored in the active region NOAA 12371 by employing the mag-
netic virial theorem (Klimchuk, Canfield, and Rhoads, 1992). According to this theorem, the
magnetic energy stored in a coronal force-free magnetic field is given by the surface integral
at the photospheric boundary involving the three vector magnetic field components, i.e.

E= L/ (xBx+ yBy)B,dxdy 3)
4 7=0

where By, By, and B, are the x-, y-, and z-components of the photospheric magnetic field,
respectively. We obtained the 3 components of photospheric magnetic field from the vec-
tor magnetograms of the “hmi.sharp_cea_720s” series. The magnetograms were then pre-
processed as described in Wiegelmann, Inhester, and Sakurai (2006). We plot the evolution
of the free magnetic energy stored in the AR NOAA 12371 normalised by the correspond-
ing potential energy in Figure 14a during the most active phase of AR 12371 (20-22 June,
2015). For reference, we have plotted GOES 1-8 A SXR flux for the whole duration in
Figure 14b. In this duration, the AR produced 3 M-class flares: class M 1.0 on 20 June, class
M?2.6 on 21 June and class M6.5 on 22 June (see Table 1). From Figure 14a, we find that
prior to the M2.6 and M6.5 class flares, magnetic free energy in the AR 12371 was over
80% of the corresponding potential energy. After both the flares, free energy decreased and
reached local minima at ~ 57% and =~ 65% of the corresponding potential energies, respec-
tively. Interestingly, we did not find any significant decrease in magnetic free energy during
and after the M-class flare on 20 June, neither free energy increased prior to the flare.
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Figure 14 (a): Evolution of magnetic free energy during 20— 22 June, 2015, calculated by virial theorem.
lo error in the calculation of free energy is plotted by yellow bars. For comparison, GOES 1 -8 A SXR flux
variation is plotted in (b). The shaded intervals represent the durations of C-, and M-class flares originated
from AR NOAA 12371. The striped dashed interval indicates the duration of the flare reported in this article.

6. Discussion

We present a multi-wavelength analysis of the flux rope eruption on 21 June 2015 from the
active region NOAA 12371 with a particular emphasis on its triggering mechanism. The
automated catalogue of GOES flares® has enrolled two flares on 21 June 2015. However,
from the evolution of the active region from the hot channel to the formation of large post-
flare arcade during the two GOES peaks, we can convincingly call the GOES flaring events
as flux rope eruption, i.e. a dual-peaked long duration event.

The temporal evolution of the GOES SXR flux suggests that the flare was associated
with two-stage precursor emission. Comparison of GOES SXR fluxes with AIA observa-
tions confirms that both the episodes of the subtle flux enhancements prior to the flare were
caused by localised brightenings in a nearby region situated to the west of the hot channel
(Figures 7, 9, and 10). These localised brightenings indicate energy release at small-scale
within the same active region that can provide potential trigger for eruption by destabilizing
a stable MFR (Féarnik, Hudson, and Watanabe, 1996; Farnik and Savy, 1998; Warren and
Warshall, 2001; Féarnik et al., 2003; Sterling and Moore, 2005; Chifor et al., 2007; Kim
et al., 2008; Liu et al., 2009; Joshi et al., 2011, 2016, 2017; Woods et al., 2017; Dhara et al.,
2017; Woods et al., 2018; Hernandez-Perez er al., 2019; Mitra and Joshi, 2019). Based on

3See https://www.swpc.noaa.gov/products/solar-and-geophysical-activity-summary.
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the location of small-scale energy release compared to main flaring event, pre-flare events
can be categorized in three classes: co-spatial, adjacent/overlapping, and distant (Farnik,
Hudson, and Watanabe, 1996; Farnik and Savy, 1998); the present case being an example of
adjacent pre-flare activity. Further, the temporal and spatial evolution of the event suggests
that pre-flare emission essentially acted as the precursor to the main eruption.

An important aspect of this study is to investigate the origin of the pre-flare activities
and their spatial relation with the eruption of the MFR. NLFFF extrapolation results (Fig-
ure 13) suggests that the triggering region, (i.e. the region of precursor activity) was asso-
ciated with coronal magnetic loops with high shear (pink lines in Figure 13). Zhang (1995)
demonstrated that sheared magnetic field leads to the formation of electric current on the
photosphere which can be accompanied by flares. Tan ef al. (2006) investigated evolution of
photospheric current during two flares of classes M 1.0 and M8.7 occurring from two differ-
ent ARs. Although both ARs were subjected to rapid flux emergence, the two flares differed
significantly in the evolution of photospheric longitudinal current. Their analysis revealed
that, for the M1.0 flare, the longitudinal electric current density dropped rapidly; while it
increased for the case of the M8.7 flare. They concluded rapid emergence of current carry-
ing flux to be responsible for the increasing longitudinal current during the M8.7 flare while
their explanation for the decrease of electric current for the M1.0 flare the was dissipation
of magnetic free energy in the solar atmosphere. Our analysis suggests that in the triggering
location, a few localized regions with high values of vertical component of photospheric
electric current with opposite polarities were situated very close to each other (Figure 12).
During the GOES pre-flare peaks, one particular set of regions with opposite polarity longi-
tudinal current became adjacent to each other (within the oval in Figures 12b, c) suggesting
that the initial reconnection most likely occurred from this location. Once the reconnection
began, it induced further reconnection events in the nearby stressed magnetic field lines of
the region resulting in the enhancement of plasma temperature. These reconnection events
most likely induced a slipping reconnection in the yellow field lines (Figure 13) carrying
energy from the precursor location to the northern leg of the hot channel leading to its
destabilisation. The entire mechanism suggested here is analogous to the domino effect that
involve a sequence of destabilising processes that eventually cause a large-scale eruption
(Zuccarello, F. et al., 2009).

The AR experienced significant flux emergence for &~ 10 hrs and cancellation thereafter
for ~ 2 hrs prior to the onset of the flare (Figures 3c and d). However, GOES SXR and
AIA EUV light curves suggests absence of flaring activity in the AR during this prolonged
period (cf. Figures 3c, d and e) which signifies continuous storage of magnetic energy into
the flaring environment without significant dissipation by reconnection events. Therefore,
the emergence of magnetic flux in the trailing sunspot region and the subsequent phase of
its decay prior to the onset of the flare possibly resulted in the build up of the MFR along
the PIL. This is supportive of the flux cancellation model proposed by van Ballegooijen
and Martens (1989) which states that flux cancellation at the PIL of a sheared magnetic
arcade leads to the formation of MFRs. The build up of the MFR over the PIL in the trailing
sunspot group of AR 12371 prior to the M-class flare on 21 June 2015 was observationally
inferred by continuous brightening up of the hot channel as observed in AIA 94 A channel
images (Figure 7a—c). Our analysis suggests that the hot channel continued to acquire the
magnetic field and stress in response to the flux cancellation for an elongated period of time
during the pre-flare phase. As a result, the MFR had already reached to a meta-stable state
prior to the onset of the flare which allowed immediate eruption of it once triggered by
the slipping reconnection. This type triggering can be explained by the “tether-weakening”
model proposed by Moore and Roumeliotis (1992). According to this model, a meta-stable
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flux rope can be triggered by activities occurring adjacent to it, i.e. off the main PIL (see
e.g., Sterling, Harra, and Moore, 2007; Yang and Chen, 2019).

It is very interesting to note that the flare originated from the same AR on the next day,
(i.e. 22 June 2015) proceeded with the formation and eruption of a hot channel from the
trailing sunspot group (see Cheng and Ding, 2016; Wang et al., 2017; Awasthi et al., 2018),
similar to the AIA observations of the M-class flare on 21 June, being investigated here.
Also, in both the cases, the flux rope eruptions resulted into halo CMEs. However, the un-
derlying flux rope structure of the hot channel bore differences between the events of 21
June and 22 June. By employing NLFFF extrapolation technique, Awasthi et al. (2018) ob-
served multiple braided flux ropes with different degrees of coherency over the PIL during
the pre-flare phase, which were separated in height. They also found evidence of small-
scale reconnection events among the different flux rope branches which resulted into further
braiding among the flux rope threads. While Awasthi ef al. (2018) found the internal struc-
ture of the MFR on 22 June 2015 to be complex braided magnetic field, our result suggests
coherent twisted field as the structure of the MFR. Further, there seems to have differences
in the time-sequence and activities associated with the early stages of the MFR activation.
Using high resolution observations of the precursor phase of the M6.5 flare on 22 June 2015
from the 1.6-m New Solar Telescope, Wang et al. (2017) found two episodes of small-scale
precursor brightening at the magnetic channel prior to the large-scale eruption of the MFR.
Based on these observations, they concluded that low-atmospheric small-scale energy re-
lease events possibly triggered the eruption which supports the model proposed by Kusano
et al. (2012).

During the build up of the flux rope in the trailing sunspot prior to the M-class flare on 21
June, magnetic free energy stored in the AR increased significantly for a period of & 5 hours
which drastically reduced during the flare (Figure 14). The M-class flare occurring on the
next day from the same AR was subjected to similar type of magnetic energy evolution.
These results clearly refer to a direct correlation between accumulation of free energy in the
AR and build up of MFR with excess free energy in the form of their twisted (or, braided)
magnetic structures.

In summary, the AR NOAA 12371 went through an elaborate phase of flux enhancement
followed by a duration of significant flux cancellation which led to build up of an MFR
along the PIL in the trailing sunspot group. The AR was associated with highly dynamical
features including photospheric motions (i.e. MMFs) and rotation which led to formation of
localized regions of high photospheric current densities. Two well identified precursor events
preceded the flux rope activation. The precursor region, spatially separated from the location
of the MFR, exhibited strong photospheric longitudinal currents of opposite polarities in
very close proximity and was connected directly to the MFR through magnetic loops. More
importantly, we found evidence for slipping reconnection from the precursor region to the
flux rope activation site which eventually destabilised the quasi-evolving MFR, resulting a
halo CME and M-class flaring activities. Our study especially addresses the build-up phase
of the MFR and the role of precursor activities toward driving the eruption. In future, we aim
to study the slipping reconnection in the context of physical processes during the pre-flare
and early flare evolution.
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Abstract

We present a multiwavelength analysis of two homologous, short-lived, impulsive flares of GOES class M1.4 and M7.3
that occurred from a very localized minisigmoid region within the active region NOAA 12673 on 2017 September 7.
Both flares were associated with initial jetlike plasma ejection that for a brief amount of time moved toward the east in a
collimated manner before drastically changing direction toward the southwest. Nonlinear force-free field extrapolation
reveals the presence of a compact double-decker flux rope configuration in the minisigmoid region prior to the flares. A
set of open field lines originating near the active region that were most likely responsible for the anomalous dynamics of
the erupted plasma gave the earliest indication of an emerging coronal hole near the active region. The horizontal field
distribution suggests a rapid decay of the field above the active region, implying high proneness of the flux rope system
toward eruption. In view of the low coronal double-decker flux ropes and compact extreme ultraviolet brightening
beneath the filament, along with associated photospheric magnetic field changes, our analysis supports the combination
of initial tether-cutting reconnection and subsequent torus instability for driving the eruption.
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1. Introduction

Flares are transient activities occurring in the solar atmos-
phere in which a huge amount of energy is released within a
short time, i.e., a few minutes to a few hours. Earth-directed
coronal mass ejections (CMEs), along with their associated
eruptive flares, are known to produce hazardous effects in the
near-Earth environment and drive geomagnetic storms. Magn-
etic reconnection, a topological reconfiguration of the magnetic
field in a plasma medium (Priest & Forbes 2000), is widely
accepted to be the fundamental energy release process during
solar transient activities. In the process of reconnection,
magnetic energy is rapidly converted into plasma heating,
bulk motions, and kinetic energy of nonthermal particles (Priest
& Forbes 2002; Shibata & Magara 2011). Eruptive flares and
their associated CMEs are, therefore, responsible for large-
scale changes in the magnetic structure of the solar atmosphere.
With a complex mechanism involving large-scale magnetic
fields and its direct consequences on the Earth’s atmosphere,
flares and CMEs have been widely studied over the years and
are still a prominent field of interest (e.g., reviews by Fletcher
et al. 2011; Benz 2017; Green et al. 2018).

The “standard flare model,” also known as the CSHKP
model (Carmichael 1964; Sturrock 1966; Hirayama 1974,
Kopp & Pneuman 1976), considers the existence of a
prominence as a prerequisite for the initiation of eruptive
flares. Theoretical models suggest that the basic structure of a
prominence /filament is composed of magnetic flux rope
(MFR), defined as a set of twisted magnetic field lines wrapped
around its central axis more than once (Gibson & Fan 2006).
Further, the MFR is identified as the dark cavity in the

three-part structure of CMEs (e.g., Riley et al. 2008). Once the
MEFR is dynamically activated by external triggering or some
kind of instability and set into an eruptive motion, magnetic
reconnection begins in a vertical current sheet formed beneath
the MFR, causing intense flare emission. The CSHKP model
successfully incorporates several key features of eruptive flares:
flare ribbons, loop-top and footpoint sources, hot cusp,
postflare loop arcade, etc. However, the processes that are
responsible for the formation of the MFR and triggering
mechanisms for the eruptive flares are still important and
debatable in solar physics. Also, in many eruptive flares, the
spatial evolution of loop-top sources and flare ribbons during
the early phases exhibits significant deviation from the classical
scenario described in the CSHKP model, which points toward a
much more complicated energy release process in complex
magnetic configuration (e.g., Veronig et al. 2006; Joshi et al.
2009, 2017a; Dalmasse et al. 2015; Gou et al. 2017; see also
review by Joshi et al. 2012).

It is essential to note that the CSHKP model is a 2D model,
therefore, it is not designed to accommodate the 3D structures
and configurations—e.g., sheared arcades, J-shaped flare
ribbons, flux ropes, complex flare loops, etc.—that are
important in the understanding of solar flares. To implement
these features in a general flare model, the CSHKP model has
been extended to three dimensions on the basis of a series of
numerical simulations (Aulanier et al. 2012, 2013; Janvier et al.
2013, 2014). These MHD simulation results suggest that in the
highly sheared preflare magnetic configuration, small-scale
current sheets could be generated in the regions of high
magnetic gradients, i.e., quasi-separatrix layers (Titov et al.
2002). Reconnections in these current sheets are responsible for
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the formation of MFRs from the sheared arcades, as well as
destabilization. During the eruption of the MFRs, the inner legs
of the sheared arcades that envelop the MFR straighten
vertically beneath the erupting MFR and eventually reconnect,
resulting in the formation of postflare arcades.

The successful eruption of an MFR is essential for
generating a CME. There are two basic groups of models
describing the activation and eruption of an MFR from its
stable state: models invoking ideal MHD instabilities and
models invoking magnetic reconnection (see, e.g., reviews by
Priest & Forbes 2002; Aulanier 2014; Green et al. 2018). In the
ideal instability model, a preexisting MFR can erupt if the
background magnetic field displays a rapid decay with height
(torus instability; Kliem & Torok 2006) or the rope’s twist
number increases beyond a critical value (kink instability;
Torok et al. 2004). Two representative reconnection models,
namely, tether-cutting and magnetic breakout, use different
preflare magnetic configurations of the active region (AR)
while describing the eruption of an MFR. The tether-cutting
model requires a bipolar magnetic field configuration, with the
earliest reconnection (i.e., triggering process) taking place deep
in the sheared core fields (Moore & Roumeliotis 1992; Moore
et al. 2001). The breakout model involves a multipolar
topology containing one or more preexisting coronal null
points (Karpen et al. 2012). In this case, the CME onset is
triggered by reconnection occurring well above the core region
that reduces the tension of the overlying field (Antiochos et al.
1999). Irrespective of the triggering mechanism, once the MFR
attains eruptive motion, standard flare reconnection sets in
beneath the erupting MFR, and this scenario is common to all
models of eruptive flares (e.g., see Vr$nak et al. 2004; Veronig
et al. 2006, 2018; Liu et al. 2008; Joshi et al. 2013, 2016;
Vrsnak 2016; Mitra & Joshi 2019; Sahu et al. 2020).

While flares and CMEs result in large-scale changes in the
magnetic configuration, coronal jets are relatively small-scale
solar eruptive phenomena identified as collimated ejection of
plasma in the solar atmosphere (see, e.g., Brueckner &
Bartoe 1983). Jets are believed to play an important role in
transporting mass and energy from the lower to the upper
corona, which may have implications for the coronal heating
problem (see review by Raouafi et al. 2016). Observations by the
Soft X-ray Telescope on board Yohkoh (Tsuneta et al. 1991)
initiated extensive investigations of coronal jets, and it was
realized that jets are the manifestations of interchange
reconnection between a closed and a nearby open magnetic
field region (see, e.g., Shibata et al. 1992, 1996; Bhatnagar 1996;
Shimojo et al. 1996, 1998). Such magnetic configurations can be
formed when a magnetic patch emerges in a coronal hole (CH)
of opposite polarity (“anemone’-type AR; see Asai et al. 2008).
It should be noted that such collimated eruptions that eject into
the corona having their bases magnetically rooted in the
photosphere (Moore et al. 2010) are observed in different
wavelengths and have been named according to the associated
observing wavelength regime, e.g., extreme ultraviolet (EUV)
jets, Ha surges, EUV and Ha macrospicules, etc. (see, e.g.,
Moore et al. 1977; Schmieder et al. 1995; Jiang et al. 2007).
Moore et al. (2010) proposed a dichotomy in solar jets: standard
and blowout. In the standard jet scenario, reconnection between
a preexisting open field and a newly emerging magnetic field of
opposite polarity is responsible for guiding the hot plasma along
the postreconnection open field, resulting in a narrow, long jet
spire. On the other hand, the blowout category of jets involves
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eruption of the jet’s base arch that contains a mini flux rope,
resulting in a broader and apparently untwisting jet spire and a
CME (see also Archontis & Hood 2013; Joshi et al.
2016, 2017b; Chandra et al. 2017).

During 2017, when the Sun was moving toward the
minimum phase of solar cycle 24, a simple a-type AR, NOAA
12673, emerged on the eastern limb of the Sun on 2017 August
28. It gradually became complex with time and turned into a
By6-type sunspot on 2017 September 5. Before disappearing
over the western limb of the Sun on 2017 September 10, it
produced four X-class and 27 M-class flares, along with
numerous C-class flares, making it one of the most powerful
ARs of solar cycle 24. Notably, it produced the two biggest
flares of solar cycle 24, namely, the X9.3 event on 2017
September 6 and the X8.2 flare on 2017 September 10, which
were subject to numerous studies (e.g., Yang et al. 2017; Gary
et al. 2018; Guo et al. 2018; Hou et al. 2018; Liu et al.
2018a, 2018c, 2019; Mitra et al. 2018; Romano et al.
2018, 2019; Seaton & Darnel 2018; Verma 2018; Veronig
et al. 2018; Duan et al. 2019; Moraitis et al. 2019; Chen et al.
2020). Most of the flaring activity from the AR occurred from
the central region, where the sunspot group arranged into a
6-configuration (Kiinzel 1960). This region was characterized
by a sharp polarity inversion line (PIL) and exhibited a high
magnetic gradient across it; for example, Mitra et al. (2018)
noted a magnetic gradient of 2.4 kG Mm ' in the line-of-sight
(LOS) magnetic field across the PIL prior to the X-class flares
of 2017 September 6.

In this paper, we present a comprehensive multiwavelength
analysis of two impulsive flares of classes M1.4 and M7.3, which
occurred on 2017 September 7 in a very localized region situated
near the edge of the main sunspot group of AR 12673. Both
events were accompanied by highly collimated eruptions, a
characteristic of the coronal jet. The jet-flare events initiated from
an unusually small coronal sigmoid, which we explore in detail
by (E)UV imaging and coronal magnetic field modeling thanks to
the high-resolution data from the Solar Dynamics Observatory
(SDO; Pesnell et al. 2012). An important aspect of this study lies
in the early dynamics of the eruptions during the flares. Section 2
provides a brief account of the observational data and analysis
techniques. In Section 3, we derive the observational results on
the basis of measurements taken at photospheric, chromospheric,
and coronal levels. In Section 4, we compare the chromospheric
and coronal observations of different flare-associated features
with the modeled coronal magnetic configurations. We discuss
and interpret our results in Section 5.

2. Observational Data and Analysis Techniques

For imaging the solar atmosphere, we used observations
from the Atmospheric Imaging Assembly (AIA; Lemen et al.
2012) on board SDO. The AIA produces 4096 x 4096 pixel
full-disk solar images with a spatial resolution of 1”5 and pixel
scale of 076 in 10 (E)UV channels originating in different
heights of the solar atmosphere. In particular, the 12 s cadence
observations in the 94 A (Fe XVII; log(T) = 6.8) and 335 A
(Fe XVI; log(T) = 6.4) filters, along with the 193 A (Fe XII,
XX1V; log(T) = 6.2, 7.3) channel, were used for investigation
of coronal activities associated with the flares. For imaging of
the lower atmospheric layers, we have extensively used 12
cadence observations in the 304 A (He 11; log(T) = 4.7) and
24 s cadence observations in the 1600 A (C IV and continuum;
log(T) = 5 and 3.4) channels.
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RHESSI (Lin et al. 2002) observed the interval between the
two homologous flares and the second (M7.3) flare almost
completely, while it missed the first (M1.4) event due to the
spacecraft’s passage through the South Atlantic Anomaly
(SAA).” RHESSI observed the full Sun with an unprecedented
combination of angular (spatial) resolution (as fine as ~2”3)
and energy resolution (1-5 keV) in the energy range 3 keV-—
17 MeV. The image reconstruction is done with the CLEAN
algorithm (Hurford et al. 2002) using only front detector
segments with an integration time of 12's and a pixel scale of
2”0. Out of nine detector segments, segment 2 was excluded
for imaging at 6-12, 12-25, 25-50, and 50-100 keV, while
segments 2 and 7 were excluded for 3-6 keV imaging.

Photospheric structures associated with the AR NOAA 12673
were observed from full-disk 4096 x 4096 pixel intensity images
and LOS magnetograms from the Helioseismic and Magnetic
Imager (HMI; Schou et al. 2012) on board SDO at a spatial
resolution of 1”0, a pixel scale of 0”5, and 45s cadence. To
investigate the coronal magnetic structures associated with the AR,
we used a global potential field source surface model (PFSS®;
Wang & Sheeley 1992) and a nonlinear force-free field
(NLFFF) model (Wiegelmann & Inhester 2010; Wiegelmann
et al. 2012). As the boundary condition for the NLFFF
modeling, we used photospheric vector magnetograms of 2017
September 7 09:46 UT from the “hmi.sharp_cea_720s” series
of SDO/HMI at a reduced resolution of 0°06 and a temporal
cadence of 720s. The NLFFF extrapolations were done in a
Cartesian volume of dimensions 344 x 224 x 224 pixels,
which corresponds to a physical size of ~250 x 160 X
160 Mm® in the solar atmosphere. The NLFFF field lines
were visualized using the Visualization and Analysis Platform
for Ocean, Atmosphere, and Solar Researchers (Clyne et al.
20079) software, which produces an interactive 3D visualiza-
tion environment.

We calculated the magnetic decay index in the NLFFF
extrapolation volume using the results of potential field
extrapolation obtained by solving a Green’s function method
(Seehafer 1978). The magnetic decay index (n) is given by the
equation n = —w, where B.,(z) is the horizontal

0g(2Z
component of the external field above the AR and z is the
height (Bateman 1978; Kliem & Torok 2006).

The CME that originated from the filament eruption was
observed by the C2 and C3 instruments of the Large Angle and
Spectrometric Coronagraph (LASCO; Brueckner et al. 1995)
on board the Solar and Heliospheric Observatory (SOHO;
Domingo et al. 1995). The C2 and C3 instruments are white-
light coronagraphs that image the solar corona from 1.5 to 6
and 3.7 to 30 R, respectively.

3. Multiwavelength Observations and Analysis
3.1. Event Overview

We present observations of AR NOAA 12673 on 2017
September 7 from 09:45 to 10:30 UT. During this period, the
AR produced two GOES M-class flares.'” The temporal
evolution of the M-class flares is represented by the soft X-ray

7 https: / /heasarc.gsfc.nasa.gov /docs /rosat/gallery /misc_saad.html

& hutps: //www.lmsal.com/~derosa/pfsspack/
https: //www.vapor.ucar.edu/

19 hitp: / /www.Imsal.com /solarsoft/ssw/last_events-2017 /last_events_
20170908_1158 /index.html
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(SXR) flux variation in the 1-8 A channel of GOES in
Figure 1(a) (shown by the red curve). The first M-class flare
(M1.4; indicated by an arrow in Figure 1(a)) initiated at ~09:51
UT. After a brief period of slow rise from ~09:51 to ~09:53
UT, which is often observed to precede the impulsive flare
phase (see, e.g., Veronig et al. 2002; Mitra & Joshi 2019), tl;le
flux in both GOES SXR channels (i.e., 1-8 and 0.5-4 A)
experienced a rapid enhancement until the peak of the flare
at ~09:54 UT. The decay phase of the MI1.4 flare is
characterized by a subtle rise at ~09:57 UT in an otherwise
steady decay of both GOES SXR fluxes. The M7.3 flare was
characterized by a brief impulsive phase when the flux in either
GOES channel experienced an abrupt rise at ~10:14 UT. The
flare peaked at ~10:16 UT and thereafter decayed until the end
of our observing period at 10:30 UT, when the SXR fluxes
attained the level of the corresponding preflare backgrounds.
RHESSI observed the AR on 2017 September 7 from ~09:59
to ~10:24 UT, which almost fully covered the M7.3 flare and
the interval between the two flares (Figure 1(b)). Depending on
the time evolution of the GOES SXR fluxes, combined with the
available RHESSI observations, we divided the entire duration
(09:45-10:30 UT) into three periods: periods I and III cover the
M1.4 and M7.3 flares with the associated eruptions, respec-
tively, whereas period II covers the rather quiet phase in
between the two M-class flares (Figure 1(a)).

The AIA (E)UV light curves from the AR during this time
(Figure 1(c)) show a general agreement with the GOES SXR
flux variation, signifying that the disk-integrated GOES
measurement was largely influenced by the coronal activity
of the AR NOAA 12673. The intensity variations in all ATA
channels suggest the initiation of the M1.4 flare at ~09:52 UT
and the M7.3 flare at ~10:14 UT. We note similar intensity
variations in the light curves of different AIA channels. We
have summarized the different phases of the flares in the
studied interval in Table 1.

Figure 2 displays the morphology and configuration of the
AR at the photosphere and different layers above it prior to
the reported events. Comparison between the continuum
image and magnetogram of the AR (Figures 2(a) and (b))
suggests that the southwestern sunspot group was primarily of
positive polarity, while negative polarity dominated the
northern dispersed sunspot group. Our interest lies in the
central part of the AR, which displayed a complex bipolar
configuration. The coronal images of the AR show a very
interesting feature in the northern part of the central sunspot
group (see the region marked by a dashed box in Figures 2(a)
and (b)) with the shape of a semicircular arc, which is
indicated by the black arrow in Figures 2(c)—(e). Careful
observation suggests the shape of this bright feature to be
similar to an inverted “S.” Comparison between coronal and
photospheric images of the AR unveils that the structure was
lying over the bipolar sunspot region (see the region indicated
in the dashed box in Figures 2(a) and (b)). This inverted
S-shaped bright structure can be thought of as a minisigmoi-
dal region. In AIA UV images (Figure 2(f)), though, the
minisigmoid is not clearly visible, and a few very localized
bright dots can be found at the same location (indicated by the
black arrows in Figure 2(f)). In the next three subsections (i.e.,
Sections 3.2-3.4), we focus on the region shown in the boxes
in Figures 2(c) and (e), as both of the M-class flares reported
in this paper occurred in this region.
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Figure 1. Panel (a): GOES SXR flux in the 1-8 A (red curve) and 0.5—4 A (blue Curve) bands on 2017 September 7 from 09:45 to 10:30 UT, covering the two M-class
flares under study. Panel (b): RHESSI X-ray fluxes normalized by factors of - o % oo and — 1 00 for the 12-25, 25-50, 50-100, and 100-300 keV energy bands,

respectively. The horizontal red, green, and dark blue bars indicate the RHESSI attenuator states (A0, A1, and A3, respectively). The orange and light blue horizontal
bars indicate the durations missed by RHESSI due to the SAA and “RHESSI night,” respectively. Panel (c): AIA (E)UV light curves. For clear visualization, the AIA

light curves in channels 171 and 94 A are scaled by d ! respectlvely An animation is included with this figure. In addition to panel (a), the animation also shows
the sequence of ATA 94 and 304 Ai images. The FOV of the ATA images in the animation is indicated by the white boxes in Figures 2(c) and (e). The animation starts

on 2017 September 7 at 09:45 UT and ends the same day at 10:30 UT. The duration of the animation is 7 s.

(An animation of this figure is available.)

3.2. Period I: Evolution of the M1.4 Flare

Figure 3 displays a series of AIA 94 (Figures 3(a)—(i)) and
304 (Figures 3(j)—(1)) A images showing the morphological
evolution of the region shown inside the boxes in Figures 2(c)
and (e) during the M1.4 flare and the associated jetlike plasma
eruption. As discussed in Section 3.1, before the flare onset, the
northern part of the AR contained a minisigmoid. In terms of the
sharpness of the observed feature and its relative brightness in
comparison to the ambient medium, the minisigmoid was
apparently more prominent in the hot, coronal AIA 94 A channel
than the relatively cooler AIA 304 A filter. In Figure 3(a), we

outline the minisigmoid with a black dashed line that brightened
up after 09:50 UT, marking the onset of the M1.4 flare. After
09:53 UT, we observe a localized kernel-like brightening in the
western leg of the minisigmoid (shown by the blue arrow in
Figure 3(c)). Further, looking at the spatial extent, as well as the
relative intensity, this localized brightening was observed to be
more prominent in the 304 A than the 94 A observations (see
Figures 3(c) and (1)), which suggests that the early energy release
during the initiation of the M1.4 flare occurred in lower, i.e.,
chromospheric, heights (see Figures 3(c) and (1)). At the same
time, we observe the ejection of plasma from the middle of the



Table 1
Chronology of Events during the Two M-class Flares that Occurred on 2017 September 7
Sr. Evolutionary Observing
No.  Stages Time Instrument/ Wavelength ~ Remarks
1 Preflare phase 09:45 UT  AIA (E)UV and HMI A very localized inverted “S” structured brightening was observed in AIA 304 and other AIA coronal
images in the AR. We call it “minisigmoid.”
2 Initiation of the M1.4 flare 09:49 UT  GOES 1-8 A
3 Initiation of plasma ejection during the M1.4 flare 09:53 UT  AIA 94 and 304 A Collimated ejection of plasma was observed from the core of the minisigmoid toward the east.
4 End of the M1.4 flare 09:58 UT  GOES 1-8 A A small filament appeared in the minisigmoid region. The RHESSI observation started at ~09:59 UT.
5 Initiation of the M7.3 flare 10:11 UT  GOES 1-8 A
6 Initiation of the first phase of plasma ejection during the 10:14 UT  AIA 304 A Collimated plasma ejection was observed from the core of the minisigmoid toward the east. RHESSI
M?7.3 flare sources of energies up to ~100 keV were found from the minisigmoid region.
7 Initiation of the second phase of plasma ejection during the ~ 10:16 UT  AIA 304 A The southern end of the filament erupted, ejecting plasma toward the south.
M7.3 flare
8 Merging of the plasma ejected in the first phase with plasma  10:22 UT  AIA 335 A Plasma ejected toward the east during the M7.3 flare strangely changed direction from east to southwest
ejected in the second phase and merged with the plasma ejected in the second phase during the M7.3 flare.
9 End of the M7.3 flare 10:18 UT  GOES 1-8 A
10 Detection of CME 10:24 UT LASCO C2 The CME propagated along the central PA of 254° and angular width of 32° with a linear speed of

470 km s~

1 requaydeg 0z0z ‘(ddo7) £2:006 “TYNINO[ TVOISAHJOWISY dH],

RCRERANIAG



THE ASTROPHYSICAL JOURNAL, 900:23 (20pp), 2020 September 1 Mitra et al.

HMI lc. 7—Sep—2017 09:44:49 UT HMI Mg. 7—Sep—2017 09:34:19 UT
—150 [T T " e e e i s
-200 o
> -250F ¥
-300 =)
AIA 94 7-Sep—2017 09:44:23 UT  AIA 335 7—Sep—2017 09:44:24 UT
-150
©)
—-200
> =250
-300
-150
-200
>

|
N
a
o

-300

640 660 680 700 720 740 760 780 640 660 680 700 720 740 760 780
X (arcsec) X (arcsec)

Figure 2. Panel (a): HMI white-olight image of AR 12673 on 2017 September 7 09:44 UT. Panel (b): cotemporal HMI magnetogram. Panels (c)—(e): AIA EUV imag§s
of the AR in 94, 335, and 304 A, respectively, showing the morphology of the AR in the corona and chromosphere. Panel (f): AIA UV image of the AR in 1600 A.
The dashed boxes in panels (a) and (b) indicate the photospheric region associated with the two M-class flares. The boxes in panels (c) and (e) indicate the FOV of the
AR plotted in Figures 3, 5, and 6. The arrows in panels (c)—(e) indicate the minisigmoid region, whereas the arrows in panel (f) indicate brightenings at the location of
the minisigmoid.
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Figure 3. Series of AIA 94 (panels (a)—(i)) and 304 (panels (j)—(r)) A images showing the time evolution of the M1.4 flare. The minisigmoid structure identified in the
preflare phase is outlined by the dashed black dotted curve in panel (a). The white arrows in different panels indicate the ejected jetlike plasma. The blue arrows in
panels (c) and (1) indicate a newly emerged brightening in the western end of the minisigmoid that led to the flare onset. The yellow arrows in panels (e) and (n)
indicate the brightening in the eastern end of the minisigmoid during the peak phase of the M1.4 flare. The black arrow in panel (r) indicates a newly formed filament

structure during the decaying phase of the M1.4 flare.



THE ASTROPHYSICAL JOURNAL, 900:23 (20pp), 2020 September 1

minisigmoid (shown by the white arrow in Figure 3(c)). The
ejected plasma followed a very narrow and collimated path (i.e.,
a jetlike eruption) toward the east for a distance of ~40" and
then abruptly changed its direction. The progress of the ejected
plasma is indicated by the white arrows in Figures 3(c)—(h) and
(D—(q). Here we note that the ejecting plasma was observed more
clearly in AIA 304 A images than in AIA 94 A images. This is
indicative of cooler plasma being ejected from lower layers in
the solar atmosphere (presumably filament material) and
partially heated during the ejection process. At the peak phase
of the flare, the eastern leg of the minisigmoid became the
brightest location in the entire AR, as observed in the AIA 94 A
images (Figure 3(e); shown by the yellow arrow). The decay
phase of the M 1.4 flare was characterized by the appearance ofa
small filament structure observed in the AIA 304 A images
(shown by the black arrow in Figure 3(r)).

3.3. Period II: Quiet Phase between the Two M-class Flares

A small filament started to appear during the late phase of
the M1.4 flare along the axis of the minisigmoid (Section 3.2).
After the M1.4 flare, i.e., in period II of the study (see
Figure 1), this filament became prominent. Notably, after
missing period I due to the SAA, RHESSI started observing in
period II with high sensitivity at low energies (no attenuator in
place, state AO). In Figure 4, we show a series of AIA 304 A
images overplotted with the contours of RHESSI X-ray sources
in the energy ranges 3—6 (shown by light blue contours) and
6-12 (shown by dark blue contours) keV. We readily find
emission in the 6-12 keV range to have a peak intensity along
the axis of the minisigmoid (Figure 4(a)). We also note that the
X-ray emission in the 3-6keV energy range at 10:00 UT
displayed two distinct sources on either side of the filament.
At ~10:10 UT (Figure 4(e)), when the filament was very
prominently visible (shown by the black arrow), we find very
localized X-ray emission in the 6—12 keV range. At 10:12 UT,
the 6-12 keV emission was characterized by an intense source
at the top of the filament and two weaker sources on the either
side of the filament (Figure 4(f)).

3.4. Period III: Evolution of the M7.3 Flare and Associated
Filament Eruption

The M7.3 flare was initiated at ~10:14 UT (see Figure 1), when
the newly formed filament was distinctly visible in the
minisigmoid region in both the coronal and chromospheric images
(see Figures 5 and 6, where the filament is indicated by brown and
blue arrows, respectively). The flare brightening was first observed
at the northern end of the filament and was followed by a jetlike
plasma ejection at ~10:15 UT (indicated by the yellow arrows in
Figures 5(d)~(g)). The jetlike plasma ejection was observed
slightly earlier in the AIA 335 A channel than in the AIA 94 A
channel (see Figures 5(c) and 6(c)). However, the eruption was
visible in the chromospheric AIA 304 Ai images ~1 minute earlier
than in the AIA 94 A i images sampling hot coronal plasma at ~6
MK (see Figures 1(c) and 5(d), (k), and (1)). It is noteworthy that
the motion and direction of the initial phase of plasma ejection
were very similar to those during the earlier M1.4 flare. The
filament brightened up after ~10:15 UT, causing the peak phase of
the M7.3 flare. Hard X-ray emission up to ~100keV was
observed from the minisigmoid region by RHESSI during this
flare. In Figure 5, we plot the contours of the RHESSI X-ray
emission in different energy channels and find the X-ray sources to
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be cospatial with the EUV brightenings. The AIA 304 A images of
the region displayed an interesting feature during this time. The
southern part of the filament kept rising and slowly developed into
a cusp-like structure at ~10:16 UT (the cusp-like structure is
indicated by the black arrows in Figure 5(n)). The structure was
also visible in the cotemporal AIA 335 A channel images
(Figure 6(f); indicated by the black arrow). A second phase of
plasma eruption was initiated at ~10:16 UT from the cusp-like
structure. Simultaneous eruption of collimated plasma during the
two phases partially occulted the bright flare emission from the AR
thereafter. Observation of the sigmoidal region after 10:16 UT was
only possible in those AIA channels that image the lower
atmosphere of the Sun (i.e., 1600 A) We observed two bright
ribbon-like structures on either side of the filament in the AIA
1600 A images until 10:20 UT (indicated by the red arrows in
Figures 6(j)—(1)). However, cotemporal AIA 304 A i images of the
same location suggest that the bright structures were associated
with a postflare arcade viewed from an edge-on angle (outlined by
the white boxes in Figures 5(0)~(q)). Therefore, we conclude that
the bright structures observed in the AIA 1600 A images in
Figures 6(j)—() were a mixture of emissions coming from both the
flare ribbons and postflare arcades. After this time, from the AIA
1600 A images, no significant morphological changes were
observed in the AR until the end of our observing period, except
for a short-lived brightening found in the western end of the
sigmoid region at ~10:26 UT (shown by the blue arrow in
Figure 6(0)). Here we remember that a subtle peak was observed in
the decaying SXR fluxes of both GOES channels at the same time
(see Figure 1).

3.5. Development of the CME from the Erupting Filament

As discussed in Sections 3.2 and 3.4, both of the M-class
flares were associated with plasma ejections. Interestingly, the
plasma ejection signatures during the M1.4 flare became too
weak to be observed a few minutes after its first appearance
within the AIA field of view (FOV). Erupting plasma during
the M7.3 flare, however, was distinctly observed to produce a
CME by SOHO/LASCO. In this section, we focus on the
motion of the ejected plasma during the M7.3 flare (Figure 7)
and the corresponding CME (Figure 8). The plasma ejection
was initiated in a collimated manner toward the east (shown by
the red arrow in Figures 7(b) and (c)) and then dramatically
changed its direction toward the southwest. In Figure 7(e), we
have approximately outlined the changing direction of the
erupting plasma. A second phase of plasma ejection initiated
from the western end of the minisigmoid region after ~10:16
UT (see Section 3.4). Plasma that was ejected in both of these
phases (Figures 7(d)-(i)) during the M7.3 flare thereafter
proceeded to constitute a CME.

Figure 8 displays a series of running difference images by
the LASCO C2 (Figures 8(a) and (b)) and C3 (Figure 8(c))
coronagraphs, where the CME that developed from the plasma
ejection during the M-class flares can be observed. According
to the LASCO CME catalog'' (Yashiro et al. 2004), C2
detected the CME at 10:24 UT at ~2.4 R, and it was observed
in the FOV of C3 until 16:18 UT, when the leading edge of the
CME reached ~17.0 R.. The narrow CME (angular width of
only 32°) propagated along the position angle 254° with a
linear speed of ~470 km s~ '

" hitps:/ /cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2017_09 /yht/
20170907.102406.w032n.v0470.p244g.yht
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Figure 4. Series of AIA 304 A images of the flaring region during the relatively quiet period between the two M-class flares. Contours of RHESSI 3-6 (light blue) and
6-12 (dark blue) keV are overplotted on each panel. Contour levels are set as 70%, 80%, and 95% of the corresponding peak flux. The arrow in panel (e) indicates a
developing filament from the minisigmoid structure prior to the onset of the M7.3 flare.

3.6. Structure and Evolution of the Magnetic Configuration of or ch duri b . iod. H .
AR 12673 any major changes during our observing period. However, it

experienced consistent changes in the magnetic field strength.

The distribution and configuration of the photospheric In Figure 9(b), we plot the photospheric LOS magnetic
magnetic flux of AR 12673 (Figure 9(a)) remained without flux variation associated with the flaring region shown by
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Figure 5. Series of AIA 94 (panels (a)—(i)) and 304 (panels (j)—(r)) A images showing the time evolution of the M7.3 flare. The brown and blue arrows in different
panels indicate the development of the filament. The yellow arrows in panels (d)—(g) indicate the first phase of plasma ejection during the M7.3 flare. The black arrows
in panel (n) indicate a second phase of the eruption during the flare. The white boxes in panels (0)—(q) indicate a postflare arcade observed from an edge-on view.
Contours of RHESSI 6-12 (blue), 12-25 (black), 25-50 (red), and 50-100 (green) keV are overplotted in different panels. Contour levels are set as 50%, 70%, 80%,
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Figure 6. Series of AIA 335 (panels (a)—(i)) and 1600 (panels (j)—(r)) A images showing the time evolution of the M7.3 flare. Brown arrows in panels (a)—(d) indicate
the emergence of a small filament structure in the preflare phase. Yellow arrows in panels (c¢)—(f) indicate the ejecting plasma. The black arrow in panel (f) indicate the
direction of a second stream of ejecting plasma. The red arrows in panels (j)—(1) indicate flare ribbon-like structures formed during the M7.3 flare. The blue arrow in
panel (o) indicates a subtle brightening occurring in the decay phase of the flare that was probably responsible for the small enhancement in the GOES SXR light

curves (see Figure 1).
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Figure 7. Series of AIA 335 A images showing large-scale eruption of plasma from AR NOAA 12673 during the M7.3 flare reported in this paper. The red arrows in
panels (b) and (c) indicate the initial phases of the ejecting plasma moving toward the east. The curve in panel (e) outlines the unusual turning of the ejecting plasma
from east to southwest. The ejected plasma during the M7.3 flare resulted in a CME of medium speed and small angular width. An animation is included with this
figure. The video starts on 2017 September 7 at 09:45 UT and ends the same day at 11:30 UT. The video duration is 17 s.

(An animation of this figure is available.)

the dashed box in Figure 9(a) on 2017 September 7 from
08:00 to 10:30 UT. Notably, this region was associated with
the formation and eruption of the filament in the minisig-
moid. We find that the negative flux underwent a monotonic
decrease during the preflare period from ~08:40 to ~09:49
UT with a decay rate of ~2.41 x 10'® Mx s~'. On the other

12

hand, the positive flux underwent a gradual enhancement
during the preflare period with two distinguishable phases
of flux decrease (=08:35-08:40 and =09:17-09:28 UT).
The decrease in magnetic flux can be interpreted as an
observational signature of the photospheric flux cancellation.
Flux variation during the flaring intervals (indicated by the
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Figure 8. LASCO observations of the CME that developed from the plasma
ejection during the M7.3 flare. Panels (a) and (b) present observations from the
C2 coronagraph (1.5-6 R.), while panel (c) shows observations from the C3
coronagraph (3.7-30 R.). The CME is indicated by the black arrow in panel
(c). The CME was first observed by LASCO at 10:24 UT and was observed
until 16:18 UT.

dashed and dashed—dotted lines) is quite drastic and seems to
be driven by the flaring activity. In this context, it is
noteworthy that the second flare was a white-light event
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(WLF), which may produce artifacts in the magnetic field
measurements.

4. Magnetic Field Modeling
4.1. Large-scale Magnetic Field Configuration

Large-scale magnetic field configurations, such as open
magnetic field lines represented by CHs (Cranmer 2009), may
strongly influence the early propagation of CMEs and cause
significant deflections of their original direction of motion
(Gopalswamy et al. 2009; Heinemann et al. 2019). In order to
check if the direction of the CME was influenced by the open
field configuration associated with a neartby CH, we extra-
polated the global magnetic field using PFSS and looked for
observational signatures of CHs in the AIA EUV images
(Figures 10). Figure 10(b) shows a global PFSS extrapolation
concentrated around the AR NOAA 12673 (the AR is indicated
by a black arrow in Figure 10(b)), where open and closed field
lines are shown in blue and gray, respectively. From
Figure 10(b), we find that open field lines originated to the
north of the flaring region close to the negative polarity, as well
as to the west, trailing to the south and deflected toward the
southwest. Here we recall that the CME associated with the
M-class flares propagated along the same direction (see
Figure 8). Figures 10(a) and (c) represent AIA 193 A images
close to the peak of the first M1.4 flare on 2017 September 7
and one solar rotation later on 2017 October 4, respectively.
There was no unambiguous observational signature of a CH in
the EUV images at the time of the events under study.
However, one solar rotation later, a small but prominent CH
region was observed at the identified location of open field
lines (indicated by the white arrow in Figure 10(c)).

4.2. NLFFF Extrapolation
4.2.1. Optimization-based NLFFF Extrapolation Technique

To understand the coronal magnetic field configuration
associated with the AR NOAA 12673, we applied an
optimization technique (Wheatland et al. 2000; Wiegelmann
2004) to compute the NLFFF equilibrium. Here we used an
advanced version of this code, which takes care of measurement
errors in the magnetogram (Wiegelmann & Inhester 2010) and
has been optimized for use with data from SDO/HMI
(Wiegelmann et al. 2012). In the optimization approach, L is
minimized (Wiegelmann & Inhester 2010), where

[(V x B) x B?
L:j“/(wf—Bz
+ V-/:S‘ (B — Boys) - W - (B — Bys)dS.

+ wy|V - Blz)dv
(L

Here wy; wy, and v are weighting functions, while W is a diagonal
error matrix with the elements wyos, Wyans, and Wyns; “los” and
“trans” are the LOS and transverse components, respectively. The
NLFFF code used in this paper calculates wy w, (in the code, wy
and w; are chosen to be identical, i.e., wy= wy,) and allows v, Wi,

12 During the impulsive phases of WLFs, sudden changes in the LOS
photospheric fields were observed by several earlier studies (see, e.g., Maurya
& Ambastha 2009; Zhao et al. 2009; Maurya et al. 2012; Kushwaha et al. 2014).
The sudden transient changes observed in LOS magnetograms can be interpreted
in terms of the theoretical calculations of Ding et al. (2002) that show that the
field reversal during strong flares could be an “observational artifact” that is
locally induced by bombardment of energetic electron beams at the photosphere.
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Figure 9. Panel (a): HMI magnetogram of AR 12673 on 2017 September 7 at 09:45 UT. The time evolution of the photospheric magnetic flux of the whole AR and
inside the selected region within the dotted box in panel (a) is plotted in panel (b). The dashed lines in panel (b) mark the starting and ending time of the M1.4 flare as
observed by GOES, and the dashed—dotted lines mark the starting and ending time of the M7.3 flare as observed by GOES.

and Wy,,s as free parameters (i.e., these parameters can be
explicitly defined upon calling of the preprocessing/optim-
ization). Since the photosphere is not force-free, the photospheric
magnetograms used as the input boundary conditions need to be
preprocessed (Wiegelmann et al. 2006). In Equation (1), Bops
denotes the preprocessed magnetic field. For the purpose of

preprocessing, a second functional . is defined as
L =mh+ b+ b+ L, 2

where

% =(Y BB + (XB,B.) + (B2 - B - BY)

%= (S xB2 - B2~ BY)) + (Xy(B2 — B2 - BY))
+(3yB,B. — xB,B.Y

L5 =3B, = Buow)® + YBy — Byon)* + YB. — Boop)?

% =S ((AB)? + (AB,)? + (AB.)?),

Here the summations are done over all of the grid nodes of the
bottom boundary. The values of iy, pp, p3, and py are free
parameters and therefore user-defined.
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Table 2
Values of Different Parameters before and after Preprocessing
Parameter Before After
Flux balance —6.60 x 107 234 x 10°°
Dimensionless force 0.29 418 x 1074
Dimensionless torque 0.31 1.05 x 1073

In this paper, for preprocessing the input photospheric
magnetogram, we used the values of free parameters as
follows:

Btrans
max (Bians)
= p, =1; puy=0.001; p, =0.01.

v=0.01; wps=1; Wgans =

(©)

In Table 2, we compare the values of dimensionless flux, force,
and torque before and after preprocessing, which can be used to
assess the degree of force-freeness of the input-processed
magnetograms. With the extrapolated magnetic field, the
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Figure 10. A PFSS exotrapolation of the global magnetic field (panel (b)),
together with AIA 193 A images during the events under study (panel (a)) and
one solar rotation later on 2017 October 4 (panel (c)). Gray and blue field lines
indicate closed and open magnetic field lines, respectively. The open field lines
originating to the north and west sides of the flaring AR are observed as the
signature of a CH one solar rotation later (indicated by the white arrow).

following parameters were calculated that can be considered as
the quantification of force and divergence freeness of the
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extrapolated magnetic field'*:

Fractional flux ratio ({|£])) = 5.09 x 107*; |J x B|
=3.8 x 1073; weighted angle between J and B = 6°72.
4)

In this context, it is noteworthy that at the time of
extrapolation, i.e., 2017 September 7 09:46 UT, the AR
NOAA 12673 was centered at the heliographic posi-
tion ~SO7W46."* A detailed study by Allen Gary & Hagyard
(1990) on the implications of the Sun’s curvature on the
magnetogram observations suggests that full spherical geome-
try must be taken into account for off-center regions for angles
>50°. During the extrapolations, we used cylindrical equal area
(CEA; Allen Gary & Hagyard 1990) projected magnetograms,
which do not produce results as accurate as those of full
spherical geometry, but considering that we were particularly
interested in the northeastern area of the AR, which lies well
within 50°, CEA projection can be accepted as decently
reliable.

4.2.2. Extrapolation Results

In Figure 11(a), we show an LOS magnetogram of the AR
during the preflare phase. We specify a small part of the AR
(shown inside the blue box in Figure 11(a)) for plotting the
NLFFF extrapolated field lines. The region inside the box
represents a complex distribution of magnetic polarities in a
largely bipolar configuration of major positive and negative
fields in the western and eastern parts, respectively. In the
northern part of the box, we find a small positive polarity
region surrounded by negative polarity regions from three sides
(the region inside the green box in Figure 11(a)). On the
northwestern side of the AR, we find many dispersed but strong
negative polarity patches. For computation of the modeled
magnetic field lines, we assume that the region showing flare-
associated brightenings (which also includes a filament)
contains part of the flux rope that underwent magnetic
reconnection (i.e., relevant field lines).

The NLFFF extrapolation results reveal the presence of two
small MFRs along the PIL of the minisigmoid region (shown
by blue and green lines in Figure 11(b)). The two MFRs were
intertwined with each other, forming a “double-decker flux
rope system.” We plot only the intertwined MFRs in
Figure 11(c) for better visualization. Further, NLFFF extra-
polation also suggests the presence of relatively large-scale
closed magnetic field lines connecting the central positive and
northern negative polarity regions (shown by the yellow lines
in Figure 11(b)).

4.3. Distribution of Magnetic Decay Index and Twist Number

To explore how the strength of the coronal magnetic field of
AR 12673 varied with height, we calculated the magnetic
decay index in the whole AR volume (i.e., 344 x 224 x 244
pixels; see Section 2). In Figure 11(d), we show the variation of
the magnetic decay index with height in a plane above the flux
rope axis. For this purpose, we considered an approximate
shape of the axis of the double-decker flux rope system, which

13 See DeRosa et al. (2015).
14 hitps: / /www.Imsal.com /solarsoft /latest_events_archive /events_
summary /2017/09/07 /gev_20170907_0949 /index.html
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Figure 11. Panel (a): HMI LOS magnetogram showing the photospheric configuration of the AR NOAA 12673 prior to the flaring activity. Panel (b): NLFFF
extrapolation results at 2017 September 7 09:45 UT showing coronal connectivities between different parts of the complex AR. Multiple flux ropes were identified in
the extrapolation volume and are shown by blue and green lines. The NLFFF extrapolated field lines are drawn over the photospheric region shown inside the blue box
in panel (a). In panel (c), we only show the two flux ropes situated in the flaring region within the AR, constituting a double-decker flux rope system. The FOV of
panel (c) is approximately indicated in panel (a) by the green box. Panel (d): distribution of magnetic decay index (n) above the PIL, indicated by the red curves in
panels (a) and (c). The yellow dashed—dotted line in panel (d) approximately indicates the height of the double-decker flux rope system. The blue dashed and red solid
curves in panel (d) refer to contours of n = 1.0 and 1.5, respectively. The white arrow in panel (d) indicates a region within the height of the flux ropes characterized
by decay index n ~ 1.0, which is higher than the surrounding region. Panel (e): variation of mean decay index with height above the PIL. The green and red dashed
lines in panel (¢) mark the heights corresponding to n = 1.0 and 1.5, respectively. The hatched regions in panels (d) and (e) indicate the range of critical decay index
height for torus instability as found by Wang et al. (2017).

is shown by the red curves in Figures 11(a) and (c). The vertically above that approximate path. This process is similar
approximated PIL was then projected onto the 2D lower to the technique undertaken by Liu et al. (2015). We plot two
boundary, and the decay index was computed in a plane contours on the vertical surface with levels n = 1.0 and 1.5.
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The approximate height of the double-decker system is
indicated by the yellow dashed—dotted line in Figure 11(d).
We find that a few segments of the double-decker flux rope
system were associated with a magnetic decay index as high
as ~1.0. In Figure 11(e), we plot the variation of the decay
index averaged over the path of the PIL as a function of height.
Our results suggest that initially, the decay index increased and
reached a value of ~0.9 within a height of ~5 Mm. At larger
heights, it experienced a sharp decrease up to the height of ~9
Mm, where the value of the decay index (n) was ~0.3. Above
this height (=9 Mm), the average decay index was found to lie
within the critical value (1.0-1.5) within the height range of
27-45 Mm.

In order to explore the possibility of kink instability as the
triggering mechanism of the eruption of the flux rope, we
calculated the twist number (7),) in the flaring region, defined
as (Berger & Prior 2006)

(V xB)-B

T, [
' L 47B?

where L is the length of the flux rope. Our calculations reveal
that the double-decker system was associated with a negative
twist. The average value of |T,| associated with the double-
decker system was found to be ~1.0.

dl, 5)

5. Discussion

In this paper, we present a multiwavelength analysis of two
M-class flares from the AR NOAA 12673 on 2017 September
7 that resulted in the successive activation of a filament and
subsequent narrow CME. As indicated in Figure 1, both
M-class flares were very impulsive, with the respective
impulsive phases lasting for ~4 and =2 minutes only. The
EUV images of the AR revealed that the flaring activity
occurred within a very localized region (indicated within the
boxes in Figures 2(c) and (e)). The AIA 94 A images sampling
hot coronal plasma clearly revealed an inverted S-shaped
structure lying in an east—west orientation at the same location
(Figure 3(a)). Such coronal S- (or inverted S-) shaped structures
are known as “coronal sigmoids” (see Manoharan et al. 1996;
Rust & Kumar 1996). However, while coronal sigmoids are
usually observed to have lengths of ~100-300 Mm (see, e.g.,
Tripathi et al. 2009; Joshi et al. 2017a; Mitra et al. 2018, 2020),
the sigmoidal structure reported in this paper had a character-
istic length of only ~20 Mm (&30”). In view of the much
smaller length scales, we can justifiably term it a “minisig-
moid.” During different phases of the two M-class flares, we
clearly observed the formation and activation of a small
filament from the sigmoidal region and associated jetlike
plasma ejection (Figures 3 and 5).

Sigmoids are associated with twisted or helical magnetic
structures, i.e., MFRs or filament channels (Gibson et al. 2002).
The MFRs are complex structures lying above PILs in the solar
atmosphere where a set of magnetic field lines wrap around
along its central axis more than once (Gibson & Fan 2006). The
results of the NLFFF extrapolation suggest the presence of two
MFRs in the AR NOAA 12673 at the site of the M-class flares
on 2017 September 7 (Figure 11). Interestingly, the MFRs in
the AR seem to wrap around each other, forming a double-
decker flux rope system. The double-decker flux rope system
was first identified by Liu et al. (2012). While studying an
eruptive M1.0 class flare, they observed two vertically well-
separated filaments lying above a single PIL that remained
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stable for a few days before the upper branch erupted in
association with an M-class flare. Based on their multipoint and
multiwavelength analysis, they concluded that both filament
branches emerged from beneath the photosphere with a vertical
separation of ~13 Mm between the two branches. A few hours
before the eruptive flare, the filament threads within the lower
branch lifted up and merged with the upper branch, triggering
its eruption. Cheng et al. (2014) reported another case of
double-decker flux ropes associated with an X-class eruptive
flare from the sigmoidal AR 11520. They found the primary
MEFR to be formed ~~40 hr before the flare via tether-cutting
reconnection between two J-shaped arcades. The second flux
rope became evident in the hot coronal channels just ~2 hr
before the flare, and its eruption developed into a CME. The
high temperature of the second flux rope led them to conclude
that internal reconnection was responsible for its formation.
Notably, the two MFRs reported by Cheng et al. (2014) were
intertwined with each other, which is very similar to our case.

The sigmoidal structure reported in this study was sustained
after the eruptive flares (Figures 6(m)—(r)), which suggests that
only one of the two MFRs from the double-decker system
erupted during the M-class flares. The previously reported
cases pertaining to the eruption of double-decker flux rope
systems exhibited similar situations (Cheng et al. 2014). The
specialty of our study lies in the spatial extent of the sigmoid
and the MFRs. Whereas signatures of the double-decker flux
rope (or filament) system were clearly identified in optical and
(E)UV images in the earlier studies, we were not able to resolve
two distinct observable features of the MFRs associated with
the double-decker configuration in direct images (Figure 3(a)).
We attribute this to the circumstance that the flaring region was
very localized, making it hard to distinguish between the two
flux ropes within the resolution of AIA, besides possible
projection effects (see Figures 3 and 5). However, a few of the
brightenings observed in AIA 1600 A images of the preflare
phase (see Figure 2(f)) may possibly be the footpoints of the
two MFRs of the double-decker configuration. It is worth
mentioning that the minisigmoidal structure appeared in the
AIA 94 A channel only ~1.5 hr before the M1.4 flare, which is
a much shorter time compared to the evolution of the sigmoidal
structure associated with the double-decker flux rope system
reported previously by Cheng et al. (2014), which was ~40 hr.

Both M-class flares initiated with very localized brightenings
at the sigmoid, immediately followed by a collimated plasma
ejection (Figures 3 and 5). During the evolution of the flares,
we identified the appearance of a small filament, while the
localized brightening persisted beneath the filament (Figure 4).
The photospheric magnetogram and extrapolated coronal
magnetic field configuration clearly revealed the source region
of the eruption to be bipolar with high shearing (Figure 11).
Further, both the positive and the absolute negative flux
decayed prior to the flares from the flaring region (Figure 9(b)).
We interpret this evolution as observational signatures of
photospheric flux cancellation at the PIL, which is recognized
for its association with small-scale magnetic reconnections (van
Ballegooijen & Martens 1989) leading to the formation of
MFRs; this was well elaborated in subsequent studies (see, e.g.,
Amari et al. 2010; Xue et al. 2017; Panesar et al. 2018; Mitra
et al. 2020). For both flares, localized (E)UV brightenings,
underneath the apparent location of the filament body,
were observed during their onset. We interpret these findings
as evidence for the tether-cutting model of solar eruptions
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(Moore & Roumeliotis 1992; Moore et al. 2001). Among the
observable signatures of tether-cutting reconnection, compact
EUYV and hard X-ray brightenings beneath an erupting MFR (or
middle of the sigmoid) and collimated plasma outflows may be
highlighted (Raftery et al. 2010; Liu et al. 2013; Chen et al.
2014, 2016, 2018). While investigating the onset processes of a
solar eruption, Chen et al. (2018) observed clear signatures of
flux cancellation from the flaring region, bidirectional jets, and
change in the topology of the hot loops during the precursor
phase. They argued that bidirectional jetlike flows occurred as a
result of the interaction of two coronal loop structures. This led
them to conclude that the onset process of the eruption was
tether-cutting reconnection. The events reported in this paper
evolved with unidirectional jets, which differs from the
bidirectional jets reported by Chen et al. (2018). However,
EUV images of the flaring region confirm that the locations of
the occurrences of the jets were closely associated with the
initial brightenings beneath the filaments (Figures 3(e) and (m)
and 6(d)), which further supports the tether-cutting reconnec-
tion between the two MFRs in the double-decker flux rope
system.

It is noteworthy that both M-class flares initiated with highly
collimated, unidirectional plasma outflow (Figures 3, 5, and 6)
for a relatively short duration (~5 minutes), a characteristic
feature of coronal jets (see Raouafi et al. 2016). In the present
observations, the jet structure observed during the first M-class
flare (M1.4) was associated with a collimated and narrow spire,
while its base was rooted in the highly sheared double-decker
flux rope system. Such a configuration of the coronal jet is
consistent with the standard jet scenario. On the other hand, the
jet occurring during the second M-class flare (M7.3) initiated
like a standard jet but gradually moved toward the “blowout”
phase. Notably, we found a distinct time gap between the
“standard” and “blowout” phases of ~2 minutes (Figures 5, 6),
which is attributed to slow kinematic evolution of the filament
constrained by the base arch (see Section 3 in Moore et al.
2010). The intense and impulsive SXR flux, peaking at the
M7.3 level, essentially manifests reconnection and the heated
field lines as the blowout eruption of the filament proceeds. The
jet was eventually associated with the eruption of a filament
that resulted in a narrow CME.

The plasma ejection along with the jet’s spires during both
M-class flares presented some atypical features requiring
further investigation. The AIA images clearly displayed that
a part of the ejected material, after moving toward the east for a
short period, sharply changed direction from east to southwest
(Figures 3 and 5). This anomalous dynamics of jet propagation
was much more prominent during the second flare. Notably,
PESS extrapolation revealed a set of open field lines that
originated near the flaring site and underwent bending toward
the southwest direction (Figure 10(b)). Such regions of open
field lines have been identified as dark areas in the form of CHs
observed in the EUV and SXR images of the Sun (Cran-
mer 2009). The CH regions are believed to have a strong
impact on CMEs when they interact with each other. A
statistical study conducted by Gopalswamy et al. (2009)
revealed that a significant number of CMEs are deflected away
from their initial propagation direction by CHs. Later on,
several other studies provided results in support of this finding
(see, e.g., Kahler et al. 2012; Mohamed et al. 2012; Wood et al.

2012; Wang et al. 2014; Bilenko 2017; Yang et al. 2018;
Heinemann et al. 2019). On 2017 September 7, we did not
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observe any CHs near the AR NOAAo 12673. However, a faint
dark region, identified in AIA 193 A images, situated in the
southeastern direction of the AR (Figure 10(a)) developed into
a prominent CH after one solar rotation (Figure 10(c)). From its
association with the open field lines (Figure 10(b)), we
conclude that deflection of the ejected material during the
M-class flares reported in this paper was caused by the open
field lines originating from the emerging CH region at the
trailing part of the AR.

The horizontal magnetic field above the AR experienced a
rapid decay with height, and the condition of torus instability
was reached within a low atmospheric height (Figure 11(d)).
The condition of torus instability has been extensively used to
explain the eruptive nature of ARs (see, e.g., Liu 2008;
Aulanier et al. 2010; Démoulin & Aulanier 2010; Thalmann
et al. 2015, 2016; Chandra et al. 2017; Zuccarello et al. 2017;
Liu et al. 2018b; Sarkar & Srivastava 2018). From theoretical
calculations, Bateman (1978) proposed that a toroidal current
ring becomes unstable for expansion if the surrounding
poloidal field radially decreases faster than a critical value
(n = 1.5). Kliem & Torok (2006) generalized this idea and
proposed that flux rope structures can attain eruptive motions
under the condition of torus instability. Several observational
and theoretical studies have revealed the critical value of the
magnetic decay index for torus instability to lie within the
range [1.0, 1.5] (Liu 2008; Démoulin & Aulanier 2010;
Olmedo & Zhang 2010; Zuccarello et al. 2014; Liu et al. 2015).
Wang et al. (2017) conducted a statistical survey in order to
calculate from the observations the critical height (A,) of torus
instability for 60 two-ribbon flares. Their study revealed that,
on average, the critical height where the decay index reached a
value of n = 1.5 was h.4 = 36.3 £+ 17.4 Mm above the PIL.
During the preflare phase of the M-class flares reported in this
paper, the condition of torus instability (. = 1.0-1.5) was
achieved at heights of A ~27-45 Mm above the PIL, which
is in basic agreement with the statistical results reported in
Wang et al. (2017; heq = 36.3 & 17.4 Mm) and Baumgartner
et al. (2018; Ay =21 + 10 Mm).

We further explored the application of kink instability
toward the triggering of the flux ropes by computing the twist
numbers. Our analysis reveals the average twist associated with
the flux ropes to be |T,,| ~ 1.0. Extensive statistical work by
Duan et al. (2019) concerning the torus and kink instabilities as
the triggering mechanisms of flux ropes revealed that the
critical value for the onset of kink instability is given by a twist
number |T;,| ~ 2. In view of this result, we could not establish
any conclusive evidence of kink instability as a possible
triggering mechanism in our event.

In summary, this paper studies the initiation and evolution
of two homologous M-class flares in the AR NOAA 12673,
which produced the two largest flares in solar cycle 24. Both
flares underwent very impulsive evolution. An interesting
feature of these eruptive flares lies in their association with a
minisigmoid region, which suggests that sufficient energy
storage within even smaller MFRs can also lead to CME
initiation, provided the overlying magnetic field configuration
is favorable for its further expansion in the corona. Our
analysis suggests that the flaring region is associated with a
double-decker flux rope configuration, which constitutes a
more complex case of energy storage within a compact
region. Both M-class flares initiated with jetlike plasma
ejections. We find the activation and rise of a filament after
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the first flare, which then erupted during the second flare. The
eruption of the filament at the source region can be justifiably
termed “anomalous,” as the initial jetlike eruption not only
drastically changed its direction but also underwent a large
angular expansion as the erupting plasma reached succes-
sively higher coronal regions. From multiwavelength EUV
imaging and PFSS magnetic field extrapolation, we showed
the presence of large-scale open field structures expanding
toward the southwest of the AR. Our analysis reveals that the
anomalous expansion of the CME at the source region is due
to the deflection of erupting material by the large-scale open
field lines. In view of the presence of low coronal double-
decker flux ropes and compact EUV brightenings beneath a
filament, along with the magnetic flux cancellation observed
at the PIL, our analysis supports the tether-cutting model of
solar eruptions. Further, the distribution of the magnetic decay
index above the PIL suggests a rapid decay of the field above
the minisigmoid region, implying favorable coronal condi-
tions for the successful eruption of the flux rope initially
activated by the tether-cutting process.
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ABSTRACT

We present a comprehensive analysis of the formation and the evolution of a fan-spine-like configuration that developed over a
complex photospheric configuration where dispersed negative polarity regions were surrounded by positive polarity regions. This
unique photospheric configuration, analogous to the geological ‘atoll” shape, hosted four homologous flares within its boundary.
Computation of the degree of squashing factor (Q) maps clearly revealed an elongated region of high Q-values between the
inner and outer spine-like lines, implying the presence of an hyperbolic flux tube (HFT). The coronal region associated with the
photospheric atoll configuration was distinctly identified in the form of a diffused dome-shaped bright structure directly observed
in Extreme Ultraviolet (EUV) images. A filament channel resided near the boundary of the atoll region. The activation and
eruption of flux ropes from the filament channel led to the onset of four eruptive homologous quasi-circular ribbon flares within
an interval of ~11 h. During the interval of the four flares, we observed continuous decay and cancellation of negative polarity
flux within the atoll region. Accordingly, the apparent length of the HFT gradually reduced to a null-point-like configuration
before the fourth flare. Prior to each flare, we observed localized brightening beneath the filaments which, together with flux
cancellation, provided support for the tether-cutting model of solar eruption. The analysis of magnetic decay index revealed

favourable conditions for the eruption, once the pre-activated flux ropes attained the critical heights for torus instability.

Key words: Sun: activity — Sun: filaments, prominences — Sun: flares — Sun: magnetic fields — sunspots.

1 INTRODUCTION

Solar flares are sudden, localized enhancement of brightness in
the solar atmosphere during which energy up to ~10%2 erg can be
released in the entire electromagnetic spectrum (see review articles
by Fletcher et al. 2011; Benz 2017). It is well understood that
magnetic field remains at the helm of all the catastrophic processes
occurring in the solar atmosphere including flares, as the energy
released during flares is supplied from the magnetic energy that is
stored in the flaring region prior to the flare (see e.g. Shibata &
Magara 2011). Therefore, the pre-flare magnetic configuration plays
a crucial role in determining the trigger and subsequent evolution
of solar flares and associated eruptive phenomena (e.g. Joshi et al.
2015, 2017¢; Hernandez-Perez et al. 2019; Mitra, Joshi & Prasad
2020a; Qiu et al. 2020).

Traditionally, solar flares were observed to be associated with
a pair of ribbon like brightening identified in chromospheric H «
images, which were situated on the opposite sides of a polarity
inversion line (PIL). To explain such parallel ribbon flares, a ‘standard
flare model’ was proposed combining the works of Carmichael
(1964), Sturrock (1966), Hirayama (1974), and Kopp & Pneuman
(1976), which is also known as the ‘CSHKP’ model (Shibata &
Magara 2011). According to this model, magnetic reconnection
takes place along a vertical current sheet, formed between the
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inflowing magnetic fields beneath an erupting prominence. During
reconnection, magnetic energy gets transformed into heat and par-
ticle accelerations resulting in localized sudden flash in the solar
atmosphere and highly accelerated electrons that are projected with
almost relativistic speeds towards the lower, denser chromospheric
layer of the Sun along the reconnected field lines. The accelerated
electrons collide with the dense chromospheric plasma giving rise
to hard X-ray (HXR) footpoint sources in association with EUV
and optically observable conjugate ribbons termed as chromospheric
flare ribbons (Fletcher et al. 2013; Musset, Vilmer & Bommier 2015;
Joshi et al. 2017a; Kazachenko et al. 2017). Despite the general
success of the CSHKP model towards explaining the commonly
observed features of eruptive parallel ribbon flares, i.e. footpoint
and looptop HXR sources, post-flare arcade, hot cusp, etc., several
studies have reported flaring activities to involve complex structures
of flare ribbons and dynamics of overlying coronal loops implying
that CSHKP model alone cannot explain all the flares (e.g. Veronig
et al. 2006; Joshi et al. 2009; Kushwaha et al. 2015; Mitra et al.
2018).

It is also important to note that the CSHKP model, being a 2D
model, cannot explain the 3D aspects of typical solar flares such
as, evolution of shear from the pre-flare loops to post-flare arcades;
relative positions, shapes, and motions of the flare ribbons, etc. To
incorporate these features, the CSHKP model has been extended
in 3D with numerical simulations (Aulanier, Janvier & Schmieder
2012; Aulanier et al. 2013). The 3D standard flare model suggests that
small-scale current sheets are generated between the highly sheared
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pre-flare magnetic field configuration. Reconnection on these current
sheets drives the transfer of differential magnetic shear, from the pre-
to the post-eruptive configuration. With the evolution of the flare, as
the eruption of the flux rope initiates, magnetic loops enveloping it
straighten vertically and the current sheet extends along with them.
Thus, magnetic reconnection continues beneath the erupting flux
rope that is in line with the 2D standard flare model.

Further, the formation of the flux rope and the triggering of its
eruption goes beyond the scope of the CSHKP model. Flux ropes
are defined by a set of magnetic field lines that are wrapped around
each other in a braided fashion or wrapped around a central axis
(braided and twisted flux ropes, respectively, see Prior & Yeates
2016). Observationally, a flux rope can be identified in different
forms: filament (Zirin 1988; Martin 1998), prominence (Tandberg-
Hanssen 1995; Parenti 2014), coronal cavity (Forland et al. 2013;
Gibson 2015), hot channel (Zhang, Cheng & Ding 2012; Cheng
et al. 2013; Mitra & Joshi 2019; Sahu et al. 2020), coronal sigmoid
(Rust & Kumar 1996; Manoharan et al. 1996; Joshi et al. 2017a;
Mitra et al. 2018), etc. The processes involved in the triggering of
a flux rope from its stable condition and its successive evolution
within the source region are rather complex and debatable (see e.g.
Chatterjee & Fan 2013; Kumar et al. 2016; Prasad et al. 2020).
Different mechanisms have been proposed in this regard, which can
be classified in two general groups: ideal instability and resistive
instability. Ideal instability models put forward the idea that a flux
rope can attain eruptive instability if the values of some parameters
go beyond a critical value, e.g. decay index (n; n = —dé;’f;gq“)); By,
and / being horizontal magnetic field and height, respectively) more
than 1.5 for torus instability (Kliem & To6rok 2006) or the twist of
the flux rope more than ~3.57 for kink instability (Torok, Kliem &
Titov 2004). On the other hand, resistive instability models recognize
the role of initial small-scale reconnection in the active region as
the triggering mechanism of a flux rope (or core field), e.g. initial
reconnection beneath a flux rope or sheared arcade for the case
of tether-cutting model (Moore & Roumeliotis 1992; Moore et al.
2001) or reconnection at a coronal null well above the core field
for the case of breakout model (Antiochos, DeVore & Klimchuk
1999). Once the MFR attains eruptive motion, magnetic reconnection
initiates beneath the flux rope and two parallel ribbons are observed
along with other observable flare signatures explained in the CSHKP
model.

Morphologically, a completely different category of flares is
circular (or quasi-circular) ribbon flares (Masson et al. 2009) that
are usually associated with a fan-spine configuration in a 3D null-
point topology (Lau & Finn 1990; Sun et al. 2013). Coronal null-
points are locations in the solar corona, where the strengths of all
the three components of magnetic field become locally zero (see
review by Longcope 2005). Magnetic field beyond the immediate
neighbourhood of the null-point is characterized by a spine line
and a fan surface. Depending on the sign of the null-point (positive
or negative), magnetic field lines approach the null-point along the
spine line and move away from it along the fan surface (for positive
null; see fig. 4 in Longcope 2005); or approach the null along the
fan surface and recede from it along the spine line (negative null).
In the context of such 3D null-point configurations generating fan
and spine lines, the anemone-type active regions where a compact
magnetic region is surrounded by magnetic regions of opposite
polarity (see Shibata et al. 1994) are of special significance. The
inner compact region is connected with the surrounding opposite
polarity region by small-scale closed magnetic loops, while a set
of relatively large field lines connect the surrounding polarity to a
remote region of polarity similar to that of the inner compact region.
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In this way, the two sets of field lines constitute two sets of fan
lines (inner and outer fan lines) and two sets of spine lines (inner
and outer spine lines). The two sets of fan lines are separated by
a dome-shaped surface (i.e. fan separatrix) characterized by high
degree of squashing factor (Q; see, Priest & Démoulin 1995; Titov,
Hornig & Démoulin 2002), which intersects the spine lines at the
null-point (Sun et al. 2013). In general, domains corresponding
to drastic changes in the magnetic field connectivity gradient are
identified as quasi-separatrix layers (QSLs; see e.g. Janvier et al.
2013). While the values of Q corresponding to QSLs are high (>>2;
see, Aulanier, G. et al. 2005), null-points can be characterized by
Q — oo. The finite values of Q at the QSLs imply that although
magnetic fields show drastic change in the connectivity, they are
still continuous, which is contrary to the cases of null-points where
magnetic field becomes discontinuous. In complex photospheric
configurations, e.g. those formed by two bipolar sunspots, a pair
of photospheric null-points of opposite signs may exist that are
connected by ‘separators’ (Titov et al. 2002). A separator can be
identified by narrow elongated strips of high Q-values, i.e. a QSL,
with a pair of null-points at both of its ends. Further, a generalization
of the concept of separator lines reveals a special geometrical feature
called ‘hyperbolic flux tubes’ (HFTs; Titov et al. 2002) that can
be understood as the intersection of two QSLs. The middle of an
HFT is characterized by ‘X’-type cross-section comprised of high
Q-values. Such structures of high Q-values are preferred sites for the
formation of current sheets and initiation of magnetic reconnection
(Titov, Galsgaard & Neukirch 2003). Moreover, magnetic field lines
can constantly change their connectivities along the QSLs as a
consequence of local diffusion in the region, allowing neighbouring
field lines to exchange connectivities (Aulanier et al. 2006). This
can be observed as an apparent slipping or flipping motion of loop
connectivities and are termed as ‘slipping reconnction’ (see e.g.
Priest & Démoulin 1995; Aulanier et al. 2006; Janvier et al. 2013).

With the advancements of observational facilities and numerical
techniques, in the recent years a number of studies have reported
flaring activities that involved both the circular and parallel ribbons
where the parallel ribbons usually reside at the inside edge of the
circular ribbon (e.g. Joshi et al. 2015, 2017b; Hernandez-Perez et al.
2017; Li et al. 2017; Xu et al. 2017; Li et al. 2018a,b; Hou et al.
2019; Shen et al. 2019; Devi et al. 2020). Such events usually
develop as a small flux rope erupts within a fan-dome that then
triggers reconnection at the null-point. The null-point reconnection
itself is a complex, multistage mechanism that initially includes
slipping reconnection at the quasi-separatrix surface at the fan-dome
giving rise to the circular or quasi-circular ribbon and during the
subsequent stage, interchange reconnection takes place between the
inner close fan lines and the outer open spine lines causing the remote
brightening (see, Masson et al. 2009). In response to the interchange
reconnection at the coronal null-point, collimated ejection of plasma,
i.e. coronal jets or H« surges have been identified in several studies
(Pariat, Antiochos & DeVore 2009a, 2010). These findings point
towards the fact that magnetic configurations on the Sun could be very
complex, and more studies are extremely essential towards reaching
at a general understanding of the complex sunspot configurations
and associated flaring activities.

In this article, we report four homologous quasi-circular ribbon
flares from the active region NOAA 11977, which were triggered
by erupting filaments from the circular ribbon region. With the help
of high resolution images of atmospheric imaging assembly (AIA;
Lemen et al. 2012) and helioseismic and magnetic imager (HMI;
Schou et al. 2012) on board the Solar Dynamics Observatory (SDO;
Pesnell, Thompson & Chamberlin 2012), we study the evolution of
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Table 1. Summary of the flares occurred on 2014 February 16 from the magnetic atoll region of NOAA 11977.

Flare Location Flare timing (UT) GOES class Remarks

Id. Start/ Peak/ End

Fy S10E00 09:20/ 09:26/ 09:29 Ml.1 Observation of quasi-circular ribbon

F> S10W01 13:48/ 14:00/ 14:05 C3.4 Observation of shortened quasi-circular ribbon
F3 S10W03 17:35/ 17:38/ 17:40 Cl.2 Observation of arc-shaped ribbon

F4 S10W04 19:20/ 19:23/ 19:28 Cl1.7 Observation of arc-shaped ribbon

the active region and the complex flares in detail. Magnetic field
modelling based on a ‘non-linear force-free field” (NLFFF) method
has revealed a fan-spine-like configuration associated with the flaring
region. The most important finding of this study is the absence of
coronal null-point in the fan-spine-like configuration. Instead, the
calculation of Q revealed the presence of an HFT between the inner
and outer spine-like lines. In Section 2, we provide a brief description
of the observational data sources and the image analysis techniques
along with the numerical methods used in this article. We discuss
the morphology and evolution of the active region as well as give a
brief account of all the flares produced by it in Section 3. Results
obtained from imaging analysis of the two circular ribbon flares and
NLFFF extrapolation are presented in Sections 4 and 5. We discuss
and interpret the results in Section 6.

2 OBSERVATIONAL DATA AND ANALYSIS
TECHNIQUES

For EUV imaging, we have utilized the 12s cadence,
4096 x 4096 pixel full disc observations from the AIA on board the
SDO with pixel resolution of 076. For the chromospheric imaging
of the Sun, we have used the 2048 x 2048 pixel full disc images
in the Ho passband with a pixel resolution of ~170, obtained
from the archive global oscillation network group (GONG; Harvey
et al. 1996, 2011). We have studied the photospheric structures
associated with the active region NOAA 11977 using the 45 s
cadence, 4096 x 4096 pixel full disc continuum and line-of-sight
(LOS) magnetogram observations with spatial sampling resolution
of 0’5 pixel™' by HMI on board the SDO. The HMI LOS in-
tensity and magnetogram images were further processed with the
IDL-based algorithm ‘hmi_prep’ to co-align them with AIA pixel
resolution. Coronal magnetic fields were extrapolated by employing
the optimisation based NLFFF extrapolation method developed by
Wiegelmann & Inhester (2010) and Wiegelmann et al. (2012). For
the purpose, we have used the vector magnetogram data from the
‘hmi.sharp_cea_720s’ series of HMI at a reduced spatial resolution
of 170 pixel~! as the input boundary condition. Extrapolations were
done within a volume of dimensions 453 x 270 x 240 pixels that
corresponds to the physical dimension of ~328 x 196 x 174 Mm?>.
Based on the NLFFF extrapolation results, we calculated the degree
of squashing factor (Q) and twist number (7)) in the extrapolation
volume using the IDL-based code developed by Liu et al. (2016). In
order to locate 3D null-points within the extrapolation volume, we
used the trilinear method as suggested by Haynes & Parnell (2007).
For the purpose, the whole active region volume was divided into
grid cells of dimension 2 x 2 x 2 pixels. The first step of the trilinear
method is to quickly scan through every grid cell by examining the
signs of each component of magnetic field at all the eight corners
of the grid cells. If any of the three components have same sign
at all the eight corners, a null-point cannot reside within the grid
cell and therefore, the corresponding cell is excluded from further
analysis. Each of the remaining other cells is then further divided

into 100 x 100 x 100 subgrid cells and the threshold Ax < 2
subgrid cell width was used for locating null-points. For visualizing
the modelled field lines and the distribution of Q in the active region
volume, we have used the Visualization and Analysis Platform for
Ocean, Atmosphere, and Solar Researchers' (Clyne et al. 2007)
software.

3 STRUCTURE AND EVOLUTION OF THE
ACTIVE REGION NOAA 11977

The active region NOAA 11977 appeared on the eastern limb of
the Sun on 2014 February 11 as a simple a-type active region. It
quickly transformed into a relatively more complex S-type on the
very next day. The active region gradually developed into By -type
on 2014 February 14 and remained so for the next 4 d. Notably,
the active region started to decay in its area since 2014 February
15. On 2014 February 16, an intriguing configuration of magnetic
fields, involving complex distribution and topology, developed in the
westernmost part of the active region that we study comprehensively
in Section 3.2. Notably, one M and three C-class flares originated
from this region within an interval of ~11h on February 16 (see
Table 1). The magnetic complexity of the active region reduced to
B-type on 2014 February 19. The active region disappeared from the
western limb of the Sun on 2014 February 23 as an «-type sunspot.

3.1 Morphology of the active region NOAA 11977

In Fig. 1, we show a comparison of the photospheric structure of
the active region with its coronal configuration, prior to the M-
class flare on 2014 February 16. We find that, the active region
was comprised of a few prominent sunspots and many pores. We
consider two subregions of the active region: the leading sunspot
group and the trailing sunspot group (shown by the dashed and
dotted boxes in Fig. 1a, respectively). Comparison of a co-temporal
LOS magnetogram (Fig. 1b) of the active region with the intensity
image reveals that the leading sunspot group was consisted of mostly
positive polarity, while the trailing part of the active region was
dominated by negative polarity magnetic field. However, the most
interesting aspect of the active region, in the context of our analysis,
is the magnetic configuration that developed in the extreme western
part of it where magnetic patches of positive and negative polarities
formed a configuration similar to an ‘atoll’ (within the white box in
Fig. 1b). AIA images suggest that the active region, on the whole,
consisted of different sets of coronal loops of varying spatial extents
and projected heights. In Figs 1(c) and (d), we recognize some of
these loops by the arrows of different colours (white, green, and red).

We note striking coronal structures over the photospheric atoll
region that can be easily distinguished by its peculiar morphology.
The region is outlined by the white boxes in Figs 1(c) and (d). The

Uhttps://www.vapor.ucar.edu/
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Figure 1. The morphology of the active region NOAA 11977 on the photosphere (panels a and b) and different coronal temperatures (panels ¢ and d). The
flaring activity occurred from the region shown within the white box in panels (b)—(d).

EUYV images of the coronal region, over the atoll-shaped magnetic
structure in the photosphere, clearly reveal enhanced structured
brightening within a sharp boundary that forms an oval-shaped
feature. All the four events of 2014 February 16 occurred within
this region.

3.2 Formation of the ‘magnetic atoll’ region

In order to understand the formation and development of the
magnetic atoll region, in Figs 2(a)—(f), we present a series of LOS
magnetograms corresponding to the photospheric region (shown
within the white box in Fig. 1b). Since, the diffused brightening
region was intrinsically related with the magnetic atoll region, we
have also plotted co-temporal AIA 304 A images of the same region
in Figs 2(g)—(1). Our observations reveal that the atoll region started
to develop from 2014 February 15 with the emergence a of few
small negative polarity flux regions. In Fig. 2(a), we indicate these
emerging negative polarity regions by the yellow arrows. With time,
negative polarity magnetic flux kept emerging in this region and by
the first hour of 2014 February 16, a relatively large magnetic patch
of negative polarity was developed (indicated by the blue arrow
in Fig. 2¢). Co-temporal AIA 304 A images suggest that the distinct
oval-shaped region displaying enhanced-diffused brightening started
to build-up from around this time onwards [cf. Figs 2(i) and (c)].
Gradually, this diffused brightening region became more prominent
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and extended spatially [cf. Figs 2(i)—(1)]. In the same duration,
positive flux also emerged in this region that surrounded the negative
polarity patches in the south-west (SW) direction (cf. the regions
indicated by the pink arrows in Figs 2c¢ and f). In general, the
atoll region can be characterized by newly emerged and spatially
dispersed prominent patches of negative magnetic flux surrounded
by positive polarity regions from two sides, i.e. north-east (NE; by the
positive polarity sunspot) and SW (by the dispersed positive polarity
patches). Further, from HMI LOS magnetograms during the early
hours of 2014 February 16, we could identify several instances of
flux emergence and cancellation in the magnetic atoll region. We have
identified a few events of flux changes by the blue, red, and green
arrows in Figs 2(c)—(f). During the same interval, we also observed
formation of a filament channel in the diffused brightening region
along the PIL between the positive polarity sunspot and adjacent
negative polarity patches. We have indicated it by a green arrow in
Fig. 2(j).

4 FOUR SUCCESSIVE FLARES FROM THE
MAGNETIC ATOLL REGION

The magnetic atoll region produced four successive flares on 2014
February 16. In Fig. 3(a), we plot SXR flux in the GOES 1-8 A
channel along with EUV intensities of AIA 94 and 304 A channels
from 2014 February 16 00:00 uT—20:00 UT that displays the onset and
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Figure 2. Series of HMI LOS magnetograms showing the development of the magnetic ‘atoll” region (panels a—f). The arrows of different colour indicate
few prominent locations of negative magnetic flux emergence. Panels (g)—(I) are AIA 304 A images associated with the magnetic atoll region displaying the
formation of the diffused circular brightening region. All the images are derotated to 2014 February 16 09:20 UT.
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Figure 3. Panel (a): GOES 1-8 A flux (the blue curve), AIA 304 A (the red curve), and AIA 94 A (the green curve) intensities showing the onset and evolution
of four flares from the diffused brightening region. The duration of the flares is indicated by four shaded regions. The individual fares are named as ‘F;’, ‘F»’,
‘F3’, and ‘F4’. Panels (b)—(e): AIA 94 A images of the diffused brightening region during the peak phases of the four flares. The red-dotted curves in panels (b)
and (c) indicate the quasi-circular ribbon observed during F; and F,, while the yellow arrows in panels (d)—(e) indicate arc-shaped ribbons during F3 and F4
flares, respectively. Panels (j)—(i): AIA 304 A images showing the peak phases of the four flares. The green arrows in different panels indicate the quasi-circular
(panel f), semicircular (panel g) and arc-shaped (panels h and i) ribbons observed during the flares. The black arrows indicate the erupting filament. Panels
(j)—(m): HMI LOS magnetograms of the ‘magnetic atoll’ region prior to the onset of the Fj—F3 flares (panels j-1) and after the F4 flare (panel m). The blue
arrows in panel (j) indicate few negative flux region that disappeared with time. Contours of co-temporal EUV intensities in AIA 304 A are overplotted on the
bottom row. Contour levels are [4, 80] per cent, [12, 60] per cent, [11, 60] percent, and [9, 40] per cent of the corresponding peak intensities in panels (j), (k),
(1), and (m), respectively. An animation associated with this figure is attached in the online supplementary materials.
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temporal evolutions of the four flares (see summary of events in Ta-
ble 1). These multiwavelength lightcurves suggest that the first flare
of GOES class M1.1 initiated at ~09:20 UT. This short-lived flare
reached to its peak at ~09:26 UT. The second flare (GOES class C3.4)
initiated at ~13:48 UT and after a relatively extended rise phase of
~12 min, reached its peak intensity. Interestingly, the subsequent two
flares originating from this region were rather impulsive and short-
lived. According to the GOES 1-8 A flux profile, these C class flares
originated at ~17:35 UT and 19:20 UT, while their impulsive phases
lasted for only &3 min each. In Fig. 3(a), we indicate the durations of
the four flares by the grey-shaded intervals and assign the notations
‘Fy’, ‘Fy’, ‘F3’°, and ‘F4’ to the flares in the chronological order.

In Figs 3(b)—(e) and (f)—(i), we show AIA 94 and AIA 304 A
images, respectively, of the diffused brightening region during the
peak phases of the circular ribbon flares. From these images it
becomes evident that, all the four flares were associated with some
degree of ribbon-like brightening along the circumference of the
diffused brightening region. We observed quite prominent signatures
of an extended quasi-circular ribbon brightening during F;, which is
delineated by the red-dotted curve in Fig. 3(b) and the green arrows
in Fig. 3(f). The quasi-circular ribbon shortened significantly during
F,, which we have indicated by the red-dotted curve in Fig. 3(c) and
the green arrows in Fig. 3(g). During F3 and F, the flare ribbons
along with only a small portion of the boundary of the diffused
brightening region displayed enhanced emission. This arc-shaped
flare brightening is indicated by the yellow arrows in Figs 3(d)—(e)
and the green arrows in Figs 3(h)-(i).

In Figs 3(j)—-(m), we plot preflare HMI LOS magnetograms
corresponding to all the four flares, respectively. We find that the
negative polarity flux regions from the magnetic atoll region contin-
uously decayed with the evolution of each flares. This cancellation
of negative flux was much more prominent in the southern part
of the atoll region than the northern part [cf. the negative flux
regions indicated by blue arrows in Figs 3(j) and (m)]. For a better
understanding of the relation between the photospheric flux regions
and the flare emission, we plotted contours of EUV intensities in AIA
304 A channel over the LOS magnetograms in Figs 3(j)—(m). From
the overplotted contours, it becomes clear that the quasi-circular
ribbon brightening during the peak phases of the flares were co-
spatial with the positive polarity flux regions situated at the boundary
of the photospheric atoll region.

InFig. 4, we plot chromospheric images of the diffused brightening
region in the H & passband during the pre-flare phases of each flares.
From these images, we clearly identified impressions of the filaments,
implying recursive development of filaments at the filament channel
situated along the PIL between the positive polarity sunspot and the
parasitic negative polarity patches (Fig. 2 and Section 3.2). It is worth
mentioning that the evolution of the quasi-circular ribbon flares in the
H a-passband (not shown here) was broadly similar to that observed
in EUV channels.

In order to have a comprehensive understanding towards the
influence of photospheric flux on the evolution of the diffused
brightening region as well as on the homologous flares originated
from it, in Fig. 5, we examine the evolution of photospheric flux
over a prolonged period that also covers the time span of the four
flares. For the purpose, we emphasize on the small-scale flux changes
within the atoll region [in Figs 5(b;)—(bg)] and the temporal evolution
of flux from it (Fig. 5c¢) by analysing HMI LOS magnetograms. The
atoll region is enclosed in Fig. 5(a) by the black box. We clearly
identified several instances of small-scale flux cancellation; a few
of them are indicated by different colours of ovals and arrows in
Figs 5(b;)—(bg). During the pre-flare phase of F; [Figs 5(b;)—(b,)]

Flares from fan-spine-like configuration — 1023
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Figure 4. Selective of H« images of the diffused brightening region during
the pre-flare phases of the quasi-circular ribbon flares, recorded by different
stations of the GONG network. The corresponding GONG stations are
indicated in the titles in each panel as Uh (Udaipur Solar Observatory, India),
Ch (Cerro Tololo Inter-American Observatory, Chile), and Bh (Big Bear Solar
Observatory, USA). The blue arrows indicate the presence of small filaments
prior to the flares.
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Figure 5. Panel (a): LOS magnetogram of the active region NOAA 11977 where the magnetic atoll region is enclosed within the black box. Panels (bj)—(bg):
Selective LOS magnetograms of the atoll region displaying several instances of flux cancellation. We have indicated few of such flux cancellation by the arrows
and the ovals of different colours in different panels. Panel (c): Evolution of magnetic flux in the magnetic atoll region indicated in panel (a). The shaded intervals
in panel (c) indicate the durations of flares occurred from the magnetic atoll region.
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we observed cancellation of positive flux at the region of the PIL
of the filament, which is indicated by the yellow ovals. During the
interval between F; and F,, we could identify multiple instances of
flux cancellation of both polarities at the PIL region situated at the
northern part of the atoll region [cf. the arrow heads of the red, blue,
and green arrows in Figs 5(b3)—(bs)]. Between F3 and F,, a major
part of a relatively prominent negative flux region got decayed [cf.
the region enclosed by the green ovals in Figs 5(bs)—(be)]. We further
observed cancellation of positive flux in the atoll region that we have
highlighted within the orange ovals in Figs 5(bs)—(bs). This region
was observed with flux cancellation between F5 and F, also that is
indicated by the red arrows in Figs 5(b;)—(bg). We also observed
cancellation of small negative fluxes from the atoll region in this
duration that are indicated by the blue arrows in Figs 5(b7)—(bg).

In general, the atoll region experienced a significant decrease of
negative flux [Figs 3(j)—(m) and 5(b, )—(bs)] that is readily recognized
by the temporal evolution of negative flux [the blue curve in Fig. 5c].
The flux profiles suggest that in the first part of 2014 February
16, the flaring region (enclosed by the black box in Fig. 5a),
underwent a rapid increase of negative flux beside relatively moderate
positive flux enhancement (see 00:00 UT — 08:00 UT in Fig. 5c).
Notably, this period can be characterized by the formation of the
atoll and associated diffused brightening region (Section 3.2 and
Fig. 2). The first flare (F;) initiated when negative flux reached to its
peak; afterwards negative flux from the region remained relatively
unchanged for ~3 h and then continuously decayed till ~19:30 UT.
After this time, negative flux maintained an approximately constant
level for ~1.5 h when the last flare from this region (F4) took place.
From ~20:00 UT, negative flux primarily decayed characterizing
the decay of the overall diffused brightening region. On the other
hand, positive flux in this region displayed stepwise enhancement till
~20:00 UT after which decayed slowly till the end of the period of
our calculation.

4.1 Morphological evolution of quasi-circular ribbon flares

All the four flares originating from the oval-shaped diffused brighten-
ing region initiated with the activation and eruption of the filaments
situated along the PIL between the positive polarity sunspot the
negative flux regions. We recall that the coronal region showing oval-
shaped diffused brightening was lying over the peculiar magnetic
atoll region at the photosphere (see Section 3.2 and Fig. 2). Further,
during all the four flares, we observed flare ribbons along the
boundary of the diffused brightening region that form quasi-circular
ribbons (Fig. 3). The quasi-circular ribbon was the most prominent
and extended during F; of GOES class M1.1. The subsequent three
flares were very similar in their onset and evolution. However, as
explained in Section 4 (Fig. 3), the length of quasi-circular ribbon
decreased progressively during the subsequent flares (i.e. Fo—Fy).
More importantly, during F,—F4, the filament evolved with a com-
plete blow-out-type eruption from the diffused brightening region
while such catastrophic eruption of the filament was not observed
during F;. In this section, we focus on the detailed morphological
evolution of F; and F, flares.

4.1.1 Filament eruption and quasi-circular ribbon during F;

In Fig. 6, we plot a series of AIA 304 A images of the diffused
brightening region to investigate the evolution and eruption of
the filament in association with F;, i.e. the GOES MI1.1 flare.
Our observations suggest that the impression of the filament at
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the northern boundary of the diffused brightening region was first
identified at around ~02:30 UT (Section 3.2 and Fig. 2). In Fig. 6(b),
we indicate the initial filament by the blue arrows, and we will refer
this filament as FL; henceforth. A comparison of the location of
FL, with the LOS magnetograms in Fig. 6(a) immediately reveals
that the filament was situated along the PIL between the positive
polarity sunspot and the dispersed negative magnetic field regions.
The filament was associated with a series of localized small-scale
brightenings (indicated by the green arrows in Figs 6¢ and d) during
an extended period prior to the onset of the GOES M-class flare
(i.e Fy). The filament was observed most prominently at ~(09:20
UT, which is indicated by the blue-dotted curve in Fig. 6(e). After
~09:21 UT, a subtle enhancement in the brightness at the northern
leg of the filament was observed that was immediately followed
by eruption of the filament from its northern end. In Fig. 6(f), we
indicate the erupting part of the filament by a blue arrow and the
localized brightening by a white arrow. The enhanced brightening
advanced southwards [cf. the white arrowheads in Figs 6(d) and (c)]
as the erupting front of the filament induced upward erupting motion
in the southern part of the filament also. The southward-induced
eruption of the filament is further outlined by the blue-dotted curve
in Fig. 6(g) and indicated by the blue arrows in Figs 6(h) and (i).
Two localized ribbon-like bright structures formed at both sides of
the filament (indicated by the black arrows in Fig. 6i) at around
09:24 uT, which resembles with ‘standard flare ribbons’. At the
same time, a circular ribbon brightening was prominently observed
at the boundary of the diffused brightening region. After ~(09:25 UT,
the filamentary structure (FL,) appeared as a straight, long structure
with one end still attached to its initial location (outlined by the blue-
dotted curve in Fig. 6j). Interestingly, during this time, it was observed
as a bright structure suggesting strong heating of the filamentary
materials during the flaring process. The open end of the filamentary
structure was associated with plasma eruption after ~09:25 UT. The
direction of the erupting plasma is indicated by the arrows in Fig. 6(j).
Notably, both the parallel and circular ribbon brightening increased
up to ~09:27 UT (the circular ribbon brightening is outlined by the
black-dotted curve in Fig. 6g) after which, flare brightenings from the
active region slowly decreased while eruption continued. In Figs 6(k),
we indicate the erupting plasma by the white arrows. Formation of
post-flare arcade was observed after ~09:32 UT that sustained till
~(9:42 UT. We have indicated the post-flare arcade by the black
arrows in Fig. 6(1).

4.1.2 Filament eruption and shortened quasi-circular ribbon
during F;

Although the filament situated along the northern edge of the
diffused brightening region (FL,), partially erupted during F;, the
corresponding PIL showed the presence of a filament channel
throughout the lifetime of the diffused brightening region. Before
the onset of F,, another filament was observed quite prominently
at the same location (i.e. FL;), which is highlighted by a blue-
dotted line in Fig. 7(a). Importantly, we noticed impressions of a
second filament near FL; that we mark as ‘FL,’ (indicated by the
green arrow in Figs 7a). Similar to the pre-flare phase prior to Fy,
the localized region associated with the filaments, underwent small-
scale brightenings during the pre-flare phase of F, also. We have
indicated few such episodes of brightenings by the yellow arrows in
Figs 7(a) and (b). With time, FL; became more prominent, which is
indicated by the blue arrow in Fig. 7(b). Few minutes prior to the
onset of F,, the filament FL, also became very prominent, making a
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Figure 6. Representative AIA 304 A images depicting filament eruption and associated M1.1 flare. The two blue arrows indicate a filament that is referred to as
‘FL;’. The green arrows in panels (c) and (d) indicate small-scale brightenings observed at the location of the filament. In panel (e), we outline the ‘S’-shaped
filament by the dotted curve. The filament during its initial eruption phase is shown by the blue arrows in panels (f) and (h) and the blue-dotted line in panel (g).
The white arrows in panels (c)—(h) indicate initial flare brightening beneath the northern end of the erupting filament. The final stage of filament eruption from
the active region is outlined by the blue arrow in panel 9(i) and the blue-dotted curve in panel (j). The black arrows in panel (e) indicate parallel flare brightening
during the impulsive phase of the flare. The black arrows in panel (j) and the white arrows in panel (k) indicate erupting plasma. The black-dotted curve in panel
(k) indicate the quasi-circular ribbon. Co-temporal LOS HMI magnetogram contours at levels £[300, 500, 1000] G are plotted in panel(a). The green and blue
contours refer to positive and negative polarity, respectively. An animation associated with this figure is attached in the online supplementary materials.

double decker flux rope system in association with FL,. In Fig. 7(c), Interestingly, the north-western end of the FL, was associated with
we indicate the two filaments of the double-decker system by the narrow collimated plasma eruption even before the flare was initiated
blue- and green-dotted lines. Notably, this double-decker system is (indicated by the yellow arrow in Fig. 7c). Our observations suggest
confirmed by the presence of two intertwined flux ropes (Section 5.2). that the flare onset took place as the filament FL; went through a
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Figure 7. Representative AIA 304 A images depicting the eruption of the filament. The filament FL; is indicated by the blue-dotted curve in panel (a) and
the blue arrow in panel (b). A second filament (FL,) is indicated by the green arrow in panel (a). The yellow arrows in panels (a) and (b) indicate small-scale
brightenings at the location of the filaments during the pre-flare phase. The blue- and green-dotted lines in panel (c) indicate the double-decker flux rope
configuration formed by FL; and FL,. The yellow arrow in panel (c) indicate jet-like plasma ejection prior to the onset of the flare. The blue-dotted curve in
panel (e) indicates erupting filament, while the black-dashed curve in the same panel indicates a quasi-circular ribbon during the F; flare. The yellow arrows in
panel (f) indicate the direction of the erupting plasma during the flare. The black arrows in panel (i) indicate post-flare arcade. An animation associated with this

figure is attached in the online supplementary materials.

complete eruption at ~13:51 UT. In Fig. 7(e), we have outlined the
erupting FL; by a blue-dotted line. At the same time, a part of the
western boundary of the diffused brightening region became very
bright implying the formation of a circular ribbon, which we have
highlighted by the black-dashed curve in Fig. 7(e). Soon after the
onset of the eruption, the active region was partially masked by the
cool erupting plasma (the direction of erupting plasma is indicated by
the yellow arrows in Fig. 7f). During the gradual phase, we observed
a dense post flare arcade (indicated by the black arrows in Fig. 71)
that is expected.

5 CORONAL MAGNETIC FIELD MODELLING

5.1 Extrapolation set-up

In order to investigate the coronal magnetic configurations prior
to the onset of the quasi-circular ribbon flares, we employed an
NLFFF extrapolation method with a particular focus to the magnetic
atoll (i.e. flaring) region, using the vector magnetograms from the
‘hmi.sharp_cea_720s’ series at four times: 09:22 UT (prior to Fy;
Fig.8), 13:46 UT (prior to F,; Fig. 9), 17:34 UT [prior to F5; Fig. 10(a)—
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Figure 8. Non-linear force-free field extrapolation results of the magnetic atoll region prior to the flare F; (at 09:22 UT) showing the presence of a flux rope
and closed magnetic loops within the region (the green lines) besides large open field lines originating from the outer magnetic patches of the atoll region (the
yellow lines). To understand the structures of the flux ropes clearly, we provide zoomed views of the flux rope with multiple colours in panels (b; top view)
and (c; side view). The red patches over the background HMI magnetogram in panels (a), (c), and (e) represent regions with high Q-value [log(Q) > 2]. The
arrows in panel (c) highlight the close association between the legs of the flux rope and photospheric regions with high Q-value. The Y-Z tilted vertical surface
in panel (f) drawn along the yellow lines represents the distribution of Q-values. In panel (g), the distribution of Q is shown along a plane passing across the
magnetic atoll region, i.e. along X—Z plane. The arrow in panel (g) indicates an ‘X’-shape formed by the regions of high Q. For reference, we have included the
colour-table showing the distribution of log(Q) values in the box in panels (f) and (g). Top boundary in panels (a), (b), (d) as well as the sky-coloured boundary
in panel (e) represent north. We have plotted a compass for representing the direction in panels (c) and (f). An AIA 304 A image of 09:26 UT has been plotted in
the background in panel (d).
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Figure 9. Non-linear force-free field extrapolation results on the magnetic atoll region prior to the F; flare (at 13:46 UT) showing the presence of a flux rope (the
blue lines) and closed magnetic loops within the region (the green lines) as well as large open field lines originating from magnetic patches of the atoll region
(the yellow lines). A set of twisted field lines having origin in the south-western end of the polarity inversion line and extending north-westwards as a part of
open field lines, i.e. ‘open flux rope’ are shown in pink colour. In panels (b) and (c), only the two flux ropes are shown from top and side views, respectively. The
red patches over the background HMI magnetogram in panels (a) and (c) represent regions with high Q-value [log(Q) > 2]. The arrows in panel (c) highlight
the close association between the legs of the flux ropes and photospheric regions with high Q. Panels (e) and (f) are same as Figs 8(f) and (g), respectively. Top
boundary in panels (a), (b), and (d) represent north. Top boundary in panel (c) represents east.

(d1)], and 18:58 UT [prior to F4; Fig. 10(e)—(h1)] on 2014 February 16
as the input boundary conditions. Since the photosphere is not force
free, the photospheric magnetograms used as the input boundary con-
ditions were pre-processed, as explained in Wiegelmann, Inhester &
Sakurai (2006). The optimization-based NLFFF code, including the
part of pre-processing of input magnetic field, allows a number of
‘free parameters’ for the user’s consideration, which are v, wjq,
Wiranss U1, M2, 43, and g (for a quick summary, see Mitra et al.
2020b). In all the four instances of coronal magnetic field extrapola-
tion conducted in this work, we used the following values of the free
parameters: v = 0.01; wips = 15 Wipgns = m; Hy =y =
1; u3 =0.001; wy= O.Ql. Theoretically, in the NLFFF model, the
angle between current (J) and magnetic field (B) should be 0.
However, since the NLFFF-code uses real measurements of magnetic
field, small but non-zero values of |.7 X l}l is expected from the
reconstructed magnetic field. Therefore, to assess the quality of the
coronal magnetic field reconstruction, the average value of fractional
flux ratio (< | f;| >=< |[(V - B);|/(6|B|;/ A x) >), weighted angle
(0) between J and B can be considered (see DeRosa et al. 2015). In
general, NLFFF solutions returning the values |j X §| <1072, <|fi]

> <2 x 1073, 6; < 10° are considered as good solutions (see e.g.
DeRosa et al. 2015; Thalmann et al. 2019). In Table 2, we have
listed the values of these parameters corresponding to all the four
extrapolations used in this paper. Here, it should be noted that, the
extrapolations were conducted over the entire active region (Fig. 5a),
however, in this section and in Figs 8-10, we have only shown and
discussed the modelled coronal configuration associated with the
atoll region.

5.2 Preflare coronal magnetic connectivities

NLFFF extrapolation results at 09:22 UT readily indicate the presence
of a flux rope in the apparent location of FL;, which are drawn by
the blue lines in Figs 8(a) and (d). For a better understanding of
the structure of the flux rope, we have shown only the field lines
constituting the flux rope from top and side views in Figs 8(b) and
(c), respectively, where different field lines are plotted in different
colours. The flux rope is enveloped by a set of highly sheared
overlying closed loops (shown by the green lines in Fig. 8). Notably,
these field lines connect the outer positive polarity regions to the
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Figure 10. NLFFF extrapolation results showing the coronal configurations prior to the F3 [at 17:34 UT; panels (a)—(d1)] and F4 flare [at 18:58 UT; panels
(e)—(h1)]. Panels (a) and (e) show the flux ropes (in blue colour) and the inner fan-like lines (in green colour) from top view. The flux ropes prior to the F3 and
F, flares are exclusively shown in multiple colours from the top view in panels (b) and (f), respectively, and from side views in panels (c) and (g), respectively.
Panels (d)-(d1) and (h)—(h1) are same as Figs 8(f)—(g), respectively. The arrows in panels (c) and (g) highlight the close association between the legs of the flux

ropes and photospheric regions with high Q.

Table 2. Summary of the parameters for assessing the quality of NLFFF
extrapolation.

Time of extrapolation <|f X 1§|> <lfil> 0y

09:22 UT 4.16 x 1073 6.79 x 107+ 8.35°
13:46 UT 482 x 1073 7.26 x 1074 8.24°
17:34 ur 3.89 x 1073 6.93 x 107+ 7.88°
18:58 UT 5.67 x 1073 6.58 x 1074 7.59°

central dispersed negative polarity regions. The green lines are
surrounded by a set of open field lines [shown by the yellow colour in
Figs 8(d)—(f)] that originate from the outer positive polarity regions.
Interestingly, the boundary of the diffused, nearly circular flare
brightening apparently delineates the footpoints of the open field
lines (cf. the modelled yellow lines and the background AIA 304 A
image in Fig. 8d). In this way, the entire structure made of the green
and yellow lines resembles a spine-fan-like configuration. However,
although few low-lying null-points were located close to the bottom
boundary of the extrapolation volume, we could not find presence of
any null-point near or within our region of interest, suggesting that the
coronal configuration associated with the flaring activities reported

MNRAS 503, 1017-1035 (2021)

in this article, differed from the 3D spine-fan configuration. Further,
the laterally extended nature of the spine-like lines (indicated by the
black arrows in Figs 8a and d) is also uncharacteristic of the spine-
fan configuration. In Fig. 8(e), we show the whole configuration
from a different angle for an overall visualization. This atypical,
spine-fan-like configuration is also recognized prior to the onset
of F,, which is indicated by the black arrows in Figs 9(d)—(e).
Our extrapolation results reveal that this spine-fan-like configuration
decays significantly in spatial extent afterwards [Figs 10(a) and (e)]
vis-a-vis changes in the corresponding photospheric magnetic field
structure of the magnetic atoll region [Figs 3(j)—(m)].

The model field structure during the pre-flare phase of F, reveals
two sets of twisted field lines intertwined with each other in a double-
decker flux rope configuration [shown by the blue and pink colours in
Figs 9(a)—(c)]. While the twisted field lines shown in blue are similar
to the flux rope identified during the pre-flare phase of F; (i.e. FL,),
the apparent twist associated with it is found to be more than the
previous flux rope (see Table 3). The other set of twisted field lines
shown in pink colour is rather interesting. One leg of these lines is
situated in the PIL region where one leg of the blue flux rope is also
located. Further, we note that, the location of the pink lines is same
as the apparent location of FL, [cf. Figs 9(b) and 7(c)]. However,
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Table 3. Summary of the twist number |7}, | and critical height (hi¢) for magnetic decay index n =
1.0 and 1.5, prior to the four flares from the magnetic atoll region.

Flare | Ty ] herig(n = 1.0) (Mm) herig(n = 1.5) (Mm) Maximum height of
1d. the flux rope (Mm)
F; ~0.93 £ 0.11 ~15 ~25 ~4
F ~1.12+0.18 ~19 ~30 ~ 4
F3 ~1.20 + 0.20 ~17 ~28 ~5
F4 ~1.22 +0.20 ~17 ~27 ~4

while the blue flux rope is anchored to the photosphere at both the
ends, the field lines constituting the pink flux rope is anchored only
at its southern end. At the northern end, the field lines of the flux
rope become a part of the open lines instead of terminating on the
photosphere [cf. the open end of the pink lines in Figs 9(a) and the
open yellow lines in Fig. 9(d)]. In Figs 9(b) and (c), we show only
the double-decker flux rope configuration from top and side views
for a better understanding of their structures. In Fig. 10, we show
the modelled magnetic configuration above the magnetic atoll region
prior to the onset of the F5 [Figs 10(a)—(d1)] and F4 [Figs 10(e)—(h1)]
flares. We find that, similar to F,, prior to the F5 and F, flares also,
single flux rope structures are identified from the modelled coronal
magnetic field that are shown from top views in Figs 10(a) and (b)
and 10(e) and (f), respectively, and side views in Figs 10(c) and (g),
respectively.

5.3 Distribution of squashing factor (Q)

NLFFF modelling reveals a complex coronal magnetic configuration
prior to the successive four flares. While the overall coronal structures
resemble a fan-spine-like configuration, they lack a coronal null-
point. To further investigate the fan-spine-like configuration, we
calculated the squashing factor (Q) in the active region using the
NLFFF extrapolated magnetic fields in the extrapolation volume.
The relevant panels in Figs 8—10 display the photospheric regions
associated with high Q [log(Q) > 2] values by the red-coloured
patches. From Figs 8(a), 9(a), 10(a), and (e), we readily observe
that along the elongated footpoint locations of the green lines over
the negative polarity magnetic field region [indicated by the black
arrows in Figs 8(a) and 9(a)], the Q-values are higher than 107 that
provides substantial evidence for the laterally extended nature of the
spine-like lines. Notably, the footpoint regions of the flux ropes are
also found to be associated with high Q-values that can be inferred
from the red-coloured patches indicated by the arrows in Figs 8(c),
9(c), 10(c), and (g).

To understand the variation of (Q-values along the laterally
extended spine-like lines, we draw tilted vertical planes passing
through the outer spine-like lines [i.e. the yellow lines shown in
Figs 8(d)—(e), 9(d)]; distribution of Q along which are shown in
Fig. 8(f), 9(e), and 10(d) and (h). We find that immediately over
the inner fan-like lines (shown by the green colour), the Q-values
approached maximum values [log(Q) = 5] signifying drastic change
in the magnetic connectivity between the green and the yellow lines.
The extended arc-shaped high Q region [shown in the purple colour
and the arrows in Figs 8(f), 9(e) 10(d) and (h)] in the absence of
coronal nulls, suggests the presence of an HFT between the green
and yellow lines. In Fig. 8(g), we plot Q-values along a plane that
crosses perpendicularly the tilted plane of Fig. 8(f), i.e. it shows
the variation of Q across the spine-fan-like configuration. From this
panel, we readily observe the ‘X’-shape formed by high Q-values
(indicated by the black arrow) that further confirms the presence of

the HFT in the coronal magnetic configuration above the atoll region.
Notably, similar configurations are also found prior to the onset of
the subsequent flares [indicated by the arrow in Figs 9(f), 10(d1)
and (h1)]; however, with the decay of the magnetic atoll region, the
extended coronal region of high Q-values over the inner fan-like
lines [indicated by the arrows in Figs 8(f), 9(e) and 10(d)], gradually
reduced and concentrated to a point-like structure prior to the onset
of the F, flare (indicated by the black arrow in Fig. 10h).

5.4 Calculation of twist number and magnetic decay index

Both GONG H « and AIA 304 A images suggest the filaments going
through eruptive evolution during the flares (Figs 4, 6, and 7). The
presence of the filaments isonfirmed by the presence of the flux ropes
identified in the NLFFF-modelled coronal configuration (Figs 8,
9, and 10). For a quantitative assessment of the twists of the flux
ropes, we compare distribution of twist number (7,; see, Berger &
Prior 2006) associated with the location of the flux ropes within the
extrapolation volume, defined as

1 [(VxB)-B
T,=— [ — 2", 1
47r/L B2 M

where L is the length of the flux rope. In Table 3, we present average
twist number (7)) associated with the flux ropes corresponding
to consecutive flares prior to their onset (F;—F4). We find that T,
increased successively from F; to F,. While T, prior to F; was only
<0.93, it increased to A21.22 prior to the onset of Fy.

To understand how the horizontal magnetic field changed with
height over the flux ropes, we calculate magnetic decay index ().
For this purpose, we have considered the PILs over which the flux
ropes were situated and computed average decay index along vertical
surfaces above it. In Fig. 11, we plot the variation of magnetic decay
index averaged over the PILs, with height; where we have indicated
the critical heights at which the value of decay index reached n =
1.0 [hei(n = 1.0)] and n = 1.5 [hee(n = 1.5)] prior to all the four
flares, by the dotted and dashed vertical lines. In Table 3, we have
summarized the values of A and approximate maximum heights of
the flux ropes before the onset of all the four flares. Our calculations
suggest that prior to the F; flare, /i was ~25 Mm, while it slightly
increased to ~27-30 Mm prior to the subsequent flares. However,
the maximum heights of the flux ropes prior to the onset of the flares
were found to be only ~4-5 Mm (Table 3), which are much less
compared to the critical heights.

6 DISCUSSION

In this article, we present a detailed analysis of four successive
flares (F;, F,, F3, Fy4; in the order of their occurrence) associated
with quasi-circular ribbons. These flares were originated from the
active region NOAA 11977 on a single day within a period of
~11 h (see Table 1). The flaring region possessed a fan-spine-like
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Figure 11. Plot of decay index () above the PIL as a function of height, prior to the four events. The values of decay index n = 1.0 and 1.5 are indicated by the
pink-dotted and purple-dashed horizontal lines. The critical heights corresponding to the values n = 1.0 and 1.5 prior to the flares are represented by the dotted
and dashed vertical lines, respectively, and noted at the bottom of the plot. Colours of these vertical lines and the values of critical heights corresponding to the

events are synchronized with the colours of the decay index plots.

configuration that involved an HFT. Observationally, the fan-spine-
like configuration was identified in the form of a region with diffused
EUV brightening that spread within a circular base prior to F.
The fan-spine-like structure decayed following each flare and, as
a consequence, the prominent quasi-circular brightening identified
prior to F; also decomposed and simplified during the succeeding
flares.

Our observations revealed that the development of the interesting
coronal configuration prior to F, facilitating the origin of the
subsequent morphologically similar flaring events, was eventually
connected with the emergence of negative polarity patches on the
photosphere that formed a magnetic atoll region (Fig. 2). Further,
the location over which negative polarity patches emerged can be
characterized by a geometric stadium shape® with the longitudinal
dimension lying along north-west—south-east (NW-SE) direction
(Fig. 2f). These negative polarity regions were surrounded by positive
polarity regions on NE and SW sides. Thus, the photospheric
structure of the flaring region consisted of a longitudinally stretched
magnetic patch bounded by regions of opposite polarity on both
sides. NLFFF extrapolation results suggested a complex configuration
in which open field lines originating from the positive polarity
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regions enclosed an extended fan-like structure (Figs 8—10) such that
the overall coronal magnetic configuration resembled the topology
of pseudo-streamers (Wang, Sheeley & Rich 2007; Titov et al.
2011, 2012; Masson et al. 2014) albeit in a much smaller spatial
scale. Notably, since pseudo-streamers connect coronal holes of the
same polarity, involving even number of PILs, 2D depiction of the
cross-section of pseudo-streamers indicate the presence of X-shaped
high Q-structures (Titov et al. 2012), which may represent true 3D
null-points or topological structures such as separators connecting
multiple null-points, HFTs, etc. (Gibson et al. 2017). In the absence
of any null-point, the coronal magnetic configuration, derived from
our analysis, can be physically well interpreted by considering a
small-scale pseudo-streamer involving an HFT.

The presence of the HFT in the flaring region was further con-
firmed by their cross-sectional X-shaped high Q-regions (Figs 8g, 9f,
10d1, and h1). The high Q values of these regions imply high gradient
of magnetic field (i.e. QSLs) within the diffused brightening region.
Intense current sheets are formed naturally around QSLs as gradient
in magnetic field contributes towards the generation of current (Lau &
Finn 1990; Priest & Titov 1996; Aulanier, G. et al. 2005; Démoulin
2007). Using MHD simulations, the formation of electric current has
also been demonstrated in magnetic flux ropes, coronal sigmoids,
beneath an erupting flux rope, etc. (see e.g. Aulanier et al. 2009;
Pariat, Masson & Aulanier 2009b; Wilmot-Smith, Hornig & Pontin
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2009). Joule heating due to dissipation of these currents associated
with the QSL formed by the inner fan-like lines was most likely
responsible for the diffused EUV brightness confined within a quasi-
circular border and was most prominent during the pre-flare phase of
F, (see Fig. 2i). Evidently, the dome-shaped active pre-flare coronal
structure, observed in EUV, was co-spatial with the photospheric
magnetic atoll region.

EUV images clearly revealed the formation of distinct quasi-
circular flare ribbons along the boundary of dome-shaped pre-flare
structure as the filament eruption proceeded (Figs 4, 6, and 7).
Notably, prior to the flares, the filament resided within the EUV-
dome, i.e. modelled fan-spine-like configuration (Figs 8-10). This
is definitive signature that the quasi-circular ribbon flares were
triggered as the erupting flux rope interacted with the fan-like
separatrix surface. Using MHD simulations, it has been established
that stressed QSL regions can give rise to slipping reconnections
even without the presence of a coronal null-point and for sufficiently
thin QSLs and high resistivities, the field line footpoints can slip-
run at super-Alfvénic speeds along the intersection of the QSLs
(slip running reconnection; Aulanier et al. 2006). While studying
a circular ribbon in association with a coronal null-point topology,
Masson et al. (2009) observed that slip-running reconnection and
null-point reconnection can occur sequentially. They also found that
Q is a highly effective parameter that determines which mode of
reconnection will occur in a null-point topology: cut-paste-type null-
point reconnetion occurs when the value of Q reaches infinity and
slipping (or slip-running) reconnection occurs for lesser values of
Q. As observational signature of slipping/slip-running reconnection,
circular ribbon and remote brightening can be highlighted (Masson
et al. 2009), while the null-point reconnection usually gives rise to
collimated eruptions, i.e. coronal jets or Ha surges (Pariat et al.
2009a, 2010).

Notably, we observed collimated eruption of plasma prior to the
onset of the C3.4 flare (Fig. 7c). AIA 304 A images clearly revealed
two adjacent filaments at the flaring location that apparently crossed
each other (Fig. 7c). NLFFF extrapolation clearly identified two
braided flux ropes within the atoll region (Fig. 9). Such arrangement
of intertwining flux ropes is called ‘double-decker flux rope systems’
(see e.g. Liu et al. 2012; Cheng et al. 2014; Mitra et al. 2020b). Jet-
like plasma ejections resulting from the interaction between the flux
ropes within a double-decker system has been reported in Mitra
et al. (2020b). Further, the double-decker region reported in Mitra
et al. (2020b) was associated with a set of open field lines that
guided the eruption of collimated jets. NLFFF model magnetic field
structure prior to the onset of F, revealed that one end of one flux
rope within the double-decker system was directly connected to the
open spine-like-lines (i.e. open flux rope; shown in the pink colour
in Fig. 9). These findings led us to conclude that the jet-like eruption
was triggered as a result of the interaction between the two flux
ropes of the double-decker flux ropes system, while the open field
lines was responsible for guiding eruption in a collimated manner. We
also clarify that, in our case, the collimated eruption observed prior
to the C3.4 flare should not be related with magnetic reconnection
at the HFT. Here, it is worth mentioning that magnetic structures
similar to the open flux rope shown in Fig. 9, where magnetic field
lines constituting the flux rope, becomes open at one end, has been
previously noted by Lugaz et al. (2011) and Janvier et al. (2016).
While numerically investigating evolution of eruptive flares from
complex photospheric configurations of the active regions NOAA
10798 and 11283, respectively, both the studies found that opening
of the field lines of flux rope structures can lead to and guide solar
eruptions resulting in the formation of CMEs.

Flares from fan-spine-like configuration — 1033

We would like to highlight the association of flux ropes with QSL
which we noted in all the four cases [Figs 8(c), 9(c), 10(c) and (g)].
Our analysis readily revealed that the photospheric regions associated
with the legs of the flux ropes were characterized by high Q-values.
High Q-values at the boundaries of flux ropes essentially associated
with two different sets of magnetic field lines: one set forming the
flux rope and the other set forming the relatively potential, ambient
magnetic field (see e.g. Savcheva et al. 2012; Janvier et al. 2016;
Zhao et al. 2016; Guo et al. 2019).

The atoll region produced four homologous flares on 2014
February 16 (Table 1). All the flares triggered as a filament lying
over the PIL between the positive polarity sunspot and negative
polarity regions, got destabilized. The erupting filament interacted
with the fan-spine configuration that led to some degree of circular
ribbon brightening during all the flares (Fig. 3). Prior to the onset
of each flare, we could identify instances of flux cancellation from
the PIL region (Fig. 5) as well as localized brightenings beneath
the filaments (Fig. 6 and 7). These observational findings support
the tether-cutting model of solar eruptions (Moore & Roumeliotis
1992; Moore et al. 2001). We also explored the possibility of torus
and kink instabilities as the triggering mechanism, by computing
the decay index and twist numbers. Our analysis suggests that the
critical decay height for n =1.5 above the PIL of the flux rope prior to
all the four flares remained consistent within the heights of ~25-30
Mm (Table 3). Statistical surveys concerning the torus instability as
the triggering mechanism for eruptive flares by Wang et al. (2017)
and Baumgartner, Thalmann & Veronig (2018) revealed the ciritical
decay height to lie within the ranges of ~36 £ 17 Mm and 21 + 10
Mm. Our results of decay height calculations are in well agreement
with these statistically established values, suggesting a favourable
role played by torus instability. However, considering the average
decay index over the PIL, as followed in the present analysis, is
rather a simplistic approach. Detailed studies devoted to the analysis
of decay index (see e.g. Zuccarello et al. 2014, 2017; Myshyakov &
Tsvetkov 2020) have shown that a flux rope eruption can take place
even when the critical height (h.) becomes sufficiently low in a
few discrete locations over the flux rope. Further, theoretical studies
have shown that the critical height strongly depend on the magnetic
topology (Kliem et al. 2014). In this context we note that, the coronal
magnetic configuration associated with all the four flares reported in
this paper was much complex compared to the general cases without
spine-fan configurations. Rapid decay of magnetic field within the
fan-surface is expected which in turns results in high values of
magnetic decay index. Average twist number associated with the
flux ropes increased successively from ~0.93 prior to F; to ~1.22
prior to F4 (Table 3). Although the increase in twist suggest higher
storage of magnetic free energy in the flux ropes, the critical value of
twist number for resulting in the destabilisation of the flux ropes was
statistically established to be |T},| ~2 (Duan et al. 2019). Therefore,
we could not find any conclusive evidence for kink instability as
the triggering mechanism for the homologous flares reported in this
paper.

Itis also noteworthy that, although a clear circular ribbon appeared
during the M-class flare (F}), no observable signature of null-point-
like reconnection (i.e. jet/surge, breakout-type eruption, etc.) was
observed during it. AIA 304 A images during the flare clearly
suggested that the erupting filament experienced an apparent sliding
motion from the northern end to the southern end within the diffused
brightening region. Plasma eruption from one end of the filament
was observed only when the sliding filament eventually reached
the southern boundary of the diffused brightening region. These
observational features suggest the occurrence of predominantly QSL-
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reconnection during the M1.1 flare, rather than the reconnection
between the inner and outer fan-like lines. On the other hand, all the
subsequent C-class flares (F,—F,) evolved with complete eruption of
the filaments from the diffused brightening region, clearly implying
reconnection at the HFT. Here, we remember that twist number
associated with the flux ropes successively increased from F; to Fy.
Additionally, negative flux within the magnetic atoll region decreased
almost monotonically following the onset of F; flare signifying less
constraining energy stored in the fan-spine configuration during the
subsequent flares compared to F;. Therefore, we speculate that excess
energy stored in the flux rope (in the form of higher twist number)
and less energy stored in the constraining magnetic field resulted in
the complete destruction of the fan-spine-like configuration during
the subsequent C-class flares, while during the MI1.1 flare, less
twisted flux rope did not have enough energy to trigger exchange
type reconnection at the HFT.

In summary, all the eruptive flares initiated from a diffused
brightening region that formed over a complex magnetic configu-
ration where dispersed negative polarity regions were surrounded
by positive polarity regions (magnetic atoll region). The coronal
configuration associated with the magnetic atoll region was a fan-
spine-like configuration that involved an HFT situated in the corona
above the elongated parasitic negative polarity regions; a configura-
tion similar to those of pseudo-streamers, in a much smaller spatial
scale. All the four flares were initiated as a flux rope was activated
and erupted within the fan dome. Prior to all the flares, we observed
localized brightenings associated with the filaments as well as small-
scale flux cancellation from the PIL region that supports the tether-
cutting model of solar eruption. The magnetic decay index reached
to the value of 1.5 within low coronal heights prior to all the four
flares signifying favourable coronal conditions for driving successful
eruption of the flux ropes. Interaction between the erupting flux
rope and the fan-like-separatrix surface gave rise to circular ribbon
brightening during the flares. During the first flare, the erupting flux
rope with relatively less twist, could not trigger reconnection in
the HFT, while during the subsequent flares, the flux ropes having
relatively higher twist, could blow out the already decaying fan-
spine-like configuration leading to the complete eruption of the core
fields. We further emphasize that, occurrence of successive quasi-
circular ribbon flares from complex fan-spine-like configurations
including HFTs, have been rarely reported in the literature and
subsequent studies involving theoretical and observational analyses
of similar events are essential to reach to a general understanding of
the complex coronal configurations in the solar atmosphere.

SUPPLEMENTARY MATERIAL

Videos are attached with Figs 3, 6, and 7, which are available in the
online article.
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Abstract

In this paper, we present multiwavelength observations of the triggering of a failed-eruptive M-class flare from
active region NOAA 11302 and investigate the possible reasons for the associated failed eruption. Photospheric
observations and nonlinear force-free field extrapolated coronal magnetic field revealed that the flaring region had a
complex quadrupolar configuration with a preexisting coronal nullpoint situated above the core field. Prior to the
onset of the M-class flare, we observed multiple periods of small-scale flux enhancements in GOES and RHESSI
soft X-ray observations from the location of the nullpoint. The preflare configuration and evolution reported here
are similar to the configurations presented in the breakout model, but at much lower coronal heights. The core of
the flaring region was characterized by the presence of two flux ropes in a double-decker configuration. During the
impulsive phase of the flare, one of the two flux ropes initially started erupting, but resulted in a failed eruption.
Calculation of the magnetic decay index revealed a saddle-like profile where the decay index initially increased to
the torus-unstable limits within the heights of the flux ropes, but then decreased rapidly and reached negative
values, which was most likely responsible for the failed eruption of the initially torus-unstable flux rope.

Unified Astronomy Thesaurus concepts: Active sun (18); Solar activity (1475); Solar active region filaments
(1977); Solar flares (1496); Active solar corona (1988)

Supporting material: animation

1. Introduction

Solar eruptive phenomena are violent activities occurring in
the solar atmosphere that include catastrophic energy releases
within a short time in a localized region, i.e., flares (Priest &
Forbes 2002; Fletcher et al. 2011; Benz 2017), along with the
expulsion of plasma and magnetic field into the interplanetary
space, i.e., coronal mass ejections (CMEs; Chen 2011; Green
et al. 2018). Earth-directed CMEs inflict hazardous effects in
the near-Earth environment that include damage to satellites,
disruption of the telecommunication system, and damage of the
electrical power grids on Earth (space weather; see, Mold-
win 2008; Koskinen et al. 2017; Lanzerotti 2017). While most
of the major flares are associated with CMEs (i.e., eruptive
flares), a significant number of flares does not lead to CMEs
(i.e., confined flares; see, e.g., Yashiro et al. 2005; Baumgartner
et al. 2018; Li et al. 2020). Observationally, a particular variant
of confined flares also involves so-called failed flux rope
eruptions, where a flux rope is initially activated from the
source region, but subsequently fails to escape from the
overlying layers of the solar corona, and the material eventually
falls back (Gilbert et al. 2007, see also Ji et al. 2003; Alexander
et al. 2006; Liu et al. 2009; Kushwaha et al. 2015). With an
ever-increasing urge to understand the factors leading to CME
eruptions and develop methods to predict space weather, the
observational and theoretical studies of failed eruptions have
recently gained much attention and have become an important
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research topic in contemporary solar physics (see, e.g., Cheng
et al. 2011; Amari et al. 2018; Sarkar & Srivastava 2018).
Eruptive flares are usually characterized by the formation of
two parallel, ribbon-like brightenings followed by the devel-
opment of a coronal flare arcade connecting the two ribbons
(Svestka & Cliver 1992). To explain these two-ribbon flares,
the standard flare model, also known as the CSHKP model, was
developed. It includes the pioneering works of Carmichael
(1964), Sturrock (1966), Hirayama (1974), and Kopp &
Pneuman (1976). In recent years, this model has been extended
to three dimensions (Aulanier et al. 2012, 2013; Janvier et al.
2013). According to this model, when a preexisting magnetic
flux rope (MFR) is triggered for upward eruption, inflow of
magnetic field occurs beneath the MFR, where a current sheet
is eventually generated. Magnetic reconnection at these current
sheets rapidly converts previously stored magnetic energy into
plasma heating and kinetic energy of accelerated particles, and
also adds magnetic flux to the erupting flux rope, prolonging
the driving Lorentz force (VrSnak 2016; Veronig et al. 2018).
The CSHKP model is quite successful in explaining commonly
observed large-scale features of eruptive flares, e.g., footpoint
and looptop hard X-ray (HXR) sources; the expansion of flare
ribbons in opposite polarities observed in optical, extreme-UV
(EUV), and soft X-ray (SXR) wavelengths; the formation of
highly structured loop arcades observed in optical, EUV, and
SXR wavelengths that connect the flare ribbons; and the
formation of hot cusp-like structures (see, e.g., Tsuneta et al.
1992; Masuda et al. 1994; Sui et al. 2006; Veronig et al. 2006;
Miklenic et al. 2007; Joshi et al. 2017; Gou et al. 2019; Mitra &
Joshi 2019). However, some important aspects related to solar
eruptions remain beyond the scope of the standard flare model,
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e.g., the processes of flux rope formation; onset or triggering of
eruptions; and the initial dynamical evolution of the CME or
flux rope (Green et al. 2018, see also Joshi et al. 2019).

Theoretically, an MFR is defined as a set of magnetic field
lines that are wrapped around a central axis (Gibson &
Fan 2006). Observationally, MFRs can be identified in the form
of filaments or prominences, coronal cavities, coronal sigmoids,
hot coronal channels, etc. (see the review by Patsourakos et al.
2020). Filaments are dark, thread-like structures observed in
chromospheric images of the Sun (Martin 1998). When
filaments are observed above the limb of the Sun, they appear
as bright structures, and therefore, they are called prominences
(see the review by Gibson 2018). Although the exact structure of
filaments is still debated (see, e.g., Antiochos et al. 1994), it is
now believed that MFRs form the basic structures of active
region filaments. Coronal cavities represent the transverse cross-
sectional view of MFRs, where the accumulation of plasma can
be observed at the bottom of the dark cavity, providing
important insights into the relation between MFRs and filaments
(Gibson 2015). Coronal sigmoids are S (or reverse-S) shaped
structures observed in SXR (Manoharan et al. 1996; Rust &
Kumar 1996) and EUV wavelengths (Joshi et al. 2017; Mitra
et al. 2018), and they are interpreted as manifestations of highly
twisted MFRs (Green et al. 2018). Hot channels are coherent
structures observed in the high-temperature passband EUV
images of the solar corona, which indicate activated, quasi-stable
MFRs (Zhang et al. 2012; Cheng et al. 2013; Nindos et al. 2015;
Joshi et al. 2018; Hernandez-Perez et al. 2019; Mitra &
Joshi 2019; Sahu et al. 2020; Kharayat et al. 2021). Two
possible scenarios of flux rope formation have been proposed:
emergence of MFRs from the convection zone of the Sun into
the solar atmosphere by magnetic buoyancy (Archontis &
Hood 2008; Chatterjee & Fan 2013), and the formation of MFRs
from sheared arcades in response to small-scale magnetic
reconnection in the corona (Aulanier et al. 2010; Inoue et al.
2018; Mitra et al. 2020a).

Successful eruptions of MFRs are essential for the genera-
tion of CMEs. In order to explain the triggering of MFRs
toward an eruption, different models have been proposed that
can be largely classified into two groups: models relying on
ideal magnetohydrodynamics (MHD) instability (kink and
torus instability), and models relying on magnetic reconnection
(tether-cutting model, breakout model, etc.). According to the
torus instability (Kliem & Torok 2006), a toroidal current ring
may be triggered to erupt if the ambient poloidal magnetic field
decreases with height faster than a critical rate. The magnetic

. _ dlog(B))
decay index (n), defined as n = oz where B, and z are

the external poloidal magnetic field and height, respectively, is
used as the quantification of the decay of the magnetic field
with height above the relevant polarity inversion line.
Theoretically, it was found that an MFR is subject to torus
instability when it reaches a region characterized by n > 1.5
(Bateman 1978). However, a number of observational studies
revealed that the threshold value of n for the torus instability
lies within the range [1.1-1.75] (e.g., Liu 2008; Kliem et al.
2013; Zuccarello et al. 2015). Kink instability suggests that an
MFR may be destabilized if its twist increases beyond ~3.57
(Torok et al. 2004). The tether-cutting model explains the
triggering of solar eruptions from a highly sheared bipolar
magnetic configuration in which the initial magnetic reconnec-
tion takes place deep within the sheared core field (Moore &
Roumeliotis 1992). Here, the flux rope is developed from the
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sheared arcades in response to these preflare magnetic
reconnections, and the successful eruption of the flux rope
depends on the flux content of the sheared core field relative to
the overlying envelope field (Moore et al. 2001). In contrast to
the tether-cutting model, the breakout model involves complex
multipolar topology with one or more nullpoints situated well
above the core field (Antiochos et al. 1999). As the
photospheric magnetic field evolves (in the form of flux
emergence, shearing motion, etc.), the core field extends
outward, stretching the nullpoint, which leads to the formation
of breakout current sheets (Karpen et al. 2012). The initial
reconnection (breakout reconnection) takes place on these
breakout current sheets, which reduces the downward strapping
force of the enveloping field and allows the core field to erupt
successfully. Notably, once the triggered flux rope attains
upward eruptive motion, standard flare reconnection (as
explained in the CSHKP model) sets in beneath the flux rope,
a process that is common to all the triggering mechanisms.

The presence of the coronal nullpoint in the preflare
configuration is an essential requirement in the breakout model
as the breakout current sheet is formed by stretching the
nullpoint. Theoretically, magnetic nullpoints are defined as
locations where all the three components of magnetic field
become zero and increase linearly with distance from it
(Chapter 6 in Priest 2014). Thus, nullpoints create disconti-
nuities in the coronal magnetic field and separate different
domains of flux regions. In general, regions of strong gradients
in continuous magnetic fields are identified as quasi-separatrix
layers (QSLs; Priest & Démoulin 1995). The gradient of
magnetic connectivity can be quantified by computing the
degree of squashing factor (Q) by calculating the norm (N) of
the field line mapping of magnetic domains (Demoulin et al.
1996; Pariat & Démoulin 2012). Theoretically, Titov et al.
(2002) showed that in all physical scenarios, Q =2 is the
lowest possible value of @, and QSLs are therefore
characterized by O>2 (Aulanier et al. 2005), while
Q0 — oo is representative of nullpoints. Due to local diffusion,
magnetic fields in QSLs can constantly change their con-
nectivities (Aulanier et al. 2006), which can observationally be
identified as apparent slipping motion of flare kernels in
imagery of the lower solar atmosphere, which is called
“slipping” or “slip-running” reconnection (see, e.g., Janvier
et al. 2013).

In this paper, we report an M4.0 flare from active region
NOAA 11302 on 2011 September 26, which was associated
with the failed eruption of a filament. Different multiwave-
length aspects of this event with the main focus on the
nonthermal energy evolution were studied by Kushwaha et al.
(2014). Their observations suggest that the impulsive phase of
the flare was characterized by two short-lived microwave
(MW) peaks in 17 and 34 GHz observed by the Nobeyama
Radioheliograph (NoRH; Nakajima et al. 1994; Takano et al.
1997). Interestingly, while the first MW burst occurred
cotemporal with a sudden peak in hard X-ray (HXR)
wavelengths observed by the Reuven Ramaty High Energy
Solar Spectroscopic Imager (RHESSI; Lin et al. 2002) with
energies up to ~200keV following a power law with a hard
photon spectral index (y) ~3, the second nonthermal burst
observed in MW was much less pronounced in HXRs.
Importantly, the onset of the X-ray emission during the flare
occurred immediately after the emergence of a pair of small-
scale magnetic transients of opposite polarities in the inner core
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region, which led them to conclude that small-scale changes in
the magnetic structure may play a crucial role in triggering the
flare process by disturbing the preflare magnetic configurations.
In view of the rapid temporal evolution of the HXR and MW
flux during the early impulsive phase of the flare, they
concluded that an abrupt energy release via spontaneous
magnetic reconnection was responsible for the occurrence of
the flare. In order to investigate whether this apparent
spontaneous magnetic reconnection was influenced by topolo-
gical features, e.g., flux ropes or nullpoints, we revisited the
event considering a longer period of observation and analysis.
Our study readily revealed that the flare was preceded by a
number of subtle SXR flux enhancements, suggesting that a
possible influence of external factors is responsible for
triggering the flare. By employing a nonlinear force-free ield
(NLFFF) extrapolation model, complemented by EUV obser-
vations of the Atmospheric Imaging Assembly (AIA; Lemen
et al. 2012) on board the Solar Dynamics Observatory (SDO;
Pesnell et al. 2012), we investigate the causal connection
between the activities during the extended preflare phase and
the main flare, and we investigate the factors responsible for the
failed filament eruption. The structure of the paper is as
follows: Section 2 provides a brief description of the
observational data sets and different analysis techniques used
in this work. We discuss the temporal evolution of X-ray and
EUV emission from the flaring active region in Section 3.
Section 4 gives a detailed overview of the photospheric
magnetic configuration of the active region and discusses the
coronal magnetic configuration of the flaring region. Section 5
presents the observational results on the basis of a coronal and
chromospheric imaging analysis. The results obtained by
modeling coronal magnetic field are explained in Section 6.
We discuss and interpret the results in Section 7.

2. Observational Data and Analysis Techniques
2.1. Data

In this work, we have combined multiwavelength observa-
tional data from different sources. For EUV imaging of the Sun,
we used observations provided by the AIA on board SDO. In
particular, we extensively used the full disk 4096 x 4096 pixel
solar images in 304 A (log(T) = 4.7), 171 A (log(T) = 5.8),
94 A (log(T) = 6.8), and 131 A (log(T) = 5.6, 7.0) channels
at a pixel scale of 0”6 and a cadence of 12 s. In order to enhance
the fine structures, all the AIA images have been filtered with the
unsharp_mask image processing algorithm. Chromospheric
observations of the Sun in the Ha passband were obtained
from the Global Oscillation Network Group (GONG; Harvey
et al. 1996). GONG provides 2096 x 2096 pixel full-disk Ho
images® of the Sun with a pixel scale of ~170 (Harvey et al.
2011). To study the evolution of photospheric magnetic
structures, we used data from the Helioseismic and Magnetic
Imager (HMI; Schou et al. 2012) on board SDO. Among the
different products of HMI, we have used the 4096 x 4096 pixel
full-disk intensity images and line-of-sight (LOS) magneto-
grams at a pixel scale of 0”5 and cadence of 45s. We used
X-ray observations of the RHESSI (Lin et al. 2002), which has
a spatial resolution (as fine as ~2”3) and energy resolution
(1-5 keV) over the energy range 3 keV—17 MeV. To construct
RHESSI X-ray images, we used the PIXON algorithm (Metcalf

5 See http:/ /halpha.nso.edu.

Mitra et al.

et al. 1996) with the natural weighting scheme for front
detector segments 2-9 (excluding 7).

2.2. Numerical Analysis Techniques

In order to investigate the coronal magnetic configuration of
the active region with the aim to understand the cause of the
failed eruption associated with the event, we carried out coronal
magnetic field modeling using the optimization-based NLFFF
extrapolation technique developed by Wiegelmann & Inhester
(2010) and Wiegelmann et al. (2012). As the boundary
condition for the extrapolation, we used the vector magneto-
gram of 2011 September 26 04:58 UT from the hmi_sharp_-
cea_720s series of HMI/SDO with a reduced resolution of 170
pixel '. The extrapolation was made in a Cartesian volume of
616 x 288 x 256 pixels, which corresponds to physical
dimensions of =447 x 209 x 186 Mm>. According to the
theory of the NLFFF model, the angle between current (J) and
magnetic field (B) should be 0 as the total value of the Lorentz
force, i.e., |J x B|, is 0. However, because the extrapolation
approach is based on numerical techniques, the NLFFF-
reconstructed magnetic field is expected to return nonzero
values of |J x B|. Therefore, to assess the quality of the coronal
magnetic field reconstruction, the average value of the
fractional flux ratio (f| = |(V - B)|/(6|B;/ A x)), weighted
angle (6,) between J and B can be considered (see DeRosa
et al. 2015). In this study, we obtained the values of the residual
errors by averaging these parameters over the entire computa-
tion domain, i.e., 616 x 288 x 256 pixels, with pixel dimen-
sions physically translating into ~0.725 Mm. The residual
errors were found to be

<|f] > ~4.06 x 1074;

% ~ 0.14; 0, = 6°76. (1)

In general, NLFFF solutions are considered good solutions if
they return the values < |f| > <2 x 1072 and 6, < 10° (see,
e.g., DeRosa et al. 2015).

Using the NLFFF extrapolation results, we calculated the
degree of squashing factor (Q) and the twist number (7,,)
within the extrapolation volume by employing the code
developed by Liu et al. (2016). In order to locate 3D
nullpoints within the extrapolation volume, we used the
trilinear method (Haynes & Parnell 2007) by dividing the
whole active region volume into grid cells of dimension
2 x 2 x?2 pixels. If any of the three components of the
magnetic field vector have same sign at all the eight corners
of the grids, it is considered that the corresponding grid cell
cannot contain any nullpoint within it, and therefore, the
corresponding cell is excluded from further analysis. Each of
the remaining other cells is then further divided into
100 x 100 x 100 subgrid cells and the nullpoint is located
by using the Newton—Raphson method’ for finding roots of
equations. This iterative method was continued until the
uncertainty in the solution reached to <2 subgrid cell width.
To visualize the results obtained from the NLFFF extrapola-
tion, we used the software called Visualization and Analysis
Platform for Ocean, Atmosphere, and Solar Researchers
(VAPOR; Clyne et al. 2007).

7 http:/ /fourier.eng.hmc.edu/e176/lectures/NM/node21.html



THE ASTROPHYSICAL JOURNAL, 926:143 (17pp), 2022 February 20 Mitra et al.

10_4 F— T T T T v y T A‘1—W—§!105
\~/ AO
—GOES 1-8 A RHESSI 3—-6 keV

—————.. GOES 0.5-4 A RHESSI 6—-12 keV

107°

1078

GOES Flux (W m™2)
(counts s™' detector™)

\H\I\Hi \\HHHl \\IHUJJ LIl

RHESSI Corrected Count Rate

107"
%“m.v\-r'
1078[ ‘ : . 107"
<—Phase 1 Phase 2—> FM flared
<[ (b) AIA 171 A /
>0 ——AIA 304 A
B AIA 94 A
& AA 131 A
C
©
()
N
E
5 1
=z

04:00 04:15 04:30

04:45 05:00 05:15

Start Time (26—Sep—11 04:00:00)

Figure 1. Panel (a): Evolution of X-ray flux in different GOES and RHESSI channels showing the extended preflare phase along with the evolution of the M4.0 flare.
For better visualization, RHESSI fluxes are normalized by % and % for 3-6 keV and 12-25 keV channels. The horizontal bars at the top represent the status of
RHESSI observation and attenuator states. Panel (b): Normalized AIA EUV intensity variations for the same duration as in panel (a). For better visualization, AIA
171, 304, 94, and 131 A channels are scaled by factors of 1.2, 1.8, 0.9, and 0.6, respectively. The light yellow and light purple shaded intervals represent the durations
of the two preflare periods of SXR flux enhancements, which are further identified as Phase 1 and Phase 2, respectively. Individual SXR peaks during Phase 1 and
Phase 2 are identified as P1,-P1¢ and P2,-P2,, respectively. The hatched light gray shaded interval represents the impulsive and early gradual phase of the M2.4 flare.
The two green arrows in panel (b) indicate the intensity enhancement in AIA 171 and 304 A channels during P2,, while the two black arrows indicate mild

enhancement in the intensities in AIA 94 and 131 A channels during P1, and P2,.

3. Temporal Evolution of X-Ray and EUV Emission

In Figure 1 we compare the temporal evolution of the X-ray
fluxes in the 1-8 A and 0.5-4 A channels of GOES and
multiple energy channels of RHESSI covering the energy range
3-25keV (Figure 1(a)) and EUV fluxes derived from different
AIA channels (Figure 1(b)) during 2011 September 26 04:00
UT—05:15 UT, which included an extended phase prior to the
onset of the M4.0 flare as well as the impulsive and a part of the
gradual phase of it. GOES did not observe the Sun during
05:15 UT—06:25 UT, which covered most of the declining
phase of the flare.®* RHESSI missed the initial phase of our
observing period (until ~04:13 UT) due to RHESSI night.
From Figure 1(a), we find a number of episodes of small
emission enhancements prior to the M-class flare during
z04:04} UT—04:53 UT, which were most prominent in GOES
0.5-4 A and RHESSI channels up to 12 keV. Multiwavelength
EUV and X-ray imaging (discussed in detail in Sections 5.1)
suggested that a localized region undergoes compact bright-
ening during these flux-enhancing periods. Based on the
intensity and compactness of the EUV and X-ray sources, we

8 See https: //www.swpc.noaa.gov /products / goes-x-ray-flux.

divided the whole period into two phases: Phase 1 from 04:04
UT—04:39 UT (highlighted by light yellow background in
Figure 1), and Phase 2 from 04:39 UT—04:53 UT (highlighted
by light purple background in Figure 1), and we identify the
flux peaks by P1,-Plg and P2,-P2,, respectively. The onset of
the flare occurred at ~05:06 UT, which was followed by an
impulsive rise in flare emission. The flare reached its peak at
~05:08 UT after undergoing a brief impulsive phase lasting for
only =2 minutes. AIA EUV intensities displayed a general
agreement with the X-ray flux variation, although the small-
scale enhancements observed in the GOES 0.5-4 A and
RHESSI light curves up to energies ~12 keV during Phase 1
were much less pronounced in EUV light curves. Notably, the
AIA 171 and 304 A intensities showed a significant enhance-
ment during the P2, peak (indicated by the green arrows in
Figure 1(b)), while they remained completely unchanged
during P1,. Intensities in the AIA 94 and 131 A channels
showed mild enhancements during both the aforementioned
X-ray peaks (indicated by the black arrows in Figure 1(b)).

It is worth mentioning that the soft and hard X-ray light
curves obtained from GOES and RHESSI (Figure 1(a)) are disk
integrated, i.e., they include emission originating from the full
solar disk. On the other hand, the EUV light curves from
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Figure 2. Panel (a): HMI white-light image of active region 11302 on 2011 September 26 04:00 UT. Panel (b): Cotemporal HMI LOS magnetogram. Magnetic flux
density in Gauss is color-coded as the color bar shown in the inset. The blue and red contours in panel (b) indicate the spatial extent of the umbrae and penumbrae of
the sunspot groups as observed in white light. The contour levels are 35% and 75% of the maximum white-light emission, respectively. Panel (c): GONG Learmonth
Ha image of the active region showing the presence of multiple filaments. The red arrow indicates a faint filament that was involved in the M-class flare under study.
Panel (d): AIA 131 A image of the active region showing a set of significantly bright, small coronal loops during the preflare phase (indicated by the red arrow). The
dotted white boxes in panel (d) indicate the FOV of Figures 3(b)-(m). Panel (e): NLFFF extrapolation results of the flaring region showing a flux rope (displayed by
the yellow lines) and four sets of coronal loops connecting different photospheric flux regions associated with the quadrupolar configuration of the central sunspot
group. The red patch (indicated by the black arrow) represents a coronal nullpoint obtained by the trilinear method, which was situated in the quadrupolar
configuration. The red patch is further characterized by the Q value of log(Q) = 8.5. Stamps A, B, and C in panels (b) and (e) are for comparison between the FOV's of

the corresponding panels.

SDO/AIA displayed in Figure 1(b) were derived by integrating
the counts within the flaring region of with a field of view
(FOV) of [(—405"0:—645"0), (3070:23070)], shown in
Figure 2(d). Despite the difference in the regions used to
construct the light curves in Figures 1(a) and (b), their general

agreement suggests that the overall activity of the Sun was
primarily dominated by the flaring activities occurring within
active region NOAA 11302. This is expected because the
intensities in the EUV, SXR, and HXR domains from flaring
active regions increase by orders of magnitude during flares
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and thus become the dominant contribution to the changes in
the full-Sun light curves.

4. NOAA 11302: -sunspot Region and Quadrupolar
Configuration

During the M-class flare under study, active region NOAA
11302 was centered at the heliographic location ~N15E35. The
white-light image of the active region (Figure 2(a)) shows that the
active region was comprised of three separate sunspot groups that
were distributed along the northeast—southwest (NE-SW) direc-
tion. In addition to the three prominent sunspots, the active region
also contained a few small pores. Comparison of a cotemporal
magnetogram of the active region (Figure 2(b)) with the white-
light image suggests that the easternmost sunspot group was of
predominantly positive polarity, while the westernmost sunspot
group was mostly composed of negative flux, although a few
dispersed positive flux regions were distributed around it. The
middle sunspot group is particularly interesting as it had bipolar
magnetic structures. The intensity contours over the magnetogram
in Figure 2(b) show that this sunspot group had fragmented
umbrae of opposite polarities within a single penumbra, which
suggests that the active region is a é-type AR. Notably, the
M-class flare and associated failed eruption reported in this paper
originated from this sunspot group. The chromospheric Ho image
shows a very small, faint filament with one leg attached to the
middle sunspot group (indicated by the red arrow in Figure 2(c)).
Coronal images of the active region, particularly in the hot AIA
EUV channels, e.g., 94 A and 131 A, revealed an interesting
structure at the northern end of the filament (indicated by the red
arrow in Figure 2(d)), which was composed of multiple small
coronal loops connecting different polarity regions of the middle
sunspot group.

The NLFFF extrapolation results readily validated the
observed coronal structures at large and small scales. In
Figure 2(e) we show the modeled coronal configuration
associated with the central sunspot group. Notably, the coronal
loops shown in blue, green, pink, and teal constituted a well-
defined quadrupolar coronal configuration. Importantly, our
analysis further confirms the presence of a coronal nullpoint in
the quadrupolar configuration above the central sunspot group
(shown by the red patch in Figure 2(e) and indicated by the
black arrow). The NLFFF extrapolation also demonstrated the
presence of a flux rope associated with the central sunspot
region (shown by the yellow lines in Figure 2(e)).

5. Multiwavelength Imaging of Coronal Energy Release:
Onset and Consequences

In Figure 3 we present an overview of the prominent episodes
of energy release in multiple EUV channels of AIA (171, 131, and
304 A) with respect to the X-ray flux evolution obtained from the
GOES 0.5-4 A channel and RHESSI 6-12 keV energy band. AIA
images during the P1; peak (see Figure 1) suggest a localized
brightening (indicated by the red arrow in Figure 3(c)) situated at
the northern end of the filament (indicated by the white arrows in
Flgures 3(b)—(d)). Notably, this brightening was most prominent
in the high-temperature AIA 131 A channel compared to the ATA
filters that sample plasma at lower temperatures, e.g., 171 and
304 A. Emission from this localized region significantly increased
in all the AIA EUV channels during the P2; and P2, peaks
(indicated by the red arrows in Figures 3(e)—(f) and the teal arrow
in Figure 3(g)). This localized region was identified as a coronal
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nullpoint configuration in the NLFFF extrapolation results
(Figure 2), suggesting nullpoint reconnection to be responsible
for the repetitive flux enhancements during the extended periods
of Phase 1 and Phase 2. During this time, we observed signatures
of a second filament (indicated by the green arrows in Figures 3(e)
and (g)) close to the filament previously observed (indicated by
white arrows in Figures 3(e) and (g) and also in Figures 3(b)—(d)).
The onset of the impulsive phase of the M4.0 flare was
characterized by the activation of the first filament, which resulted
in intensified emission (the filament appearance changed from
absorption to emission, indicated by the white arrows in
Figures 3(h) and (j)). During the impulsive phase, the filament
initially displayed eruptive motion and extended spatially along its
length. However, the eruption of the filament ceased to continue
within ~2 minutes, after which we observed a complex structure
in which the two activated filaments became intertwined with each
other during the peak phase of the flare. In Figures 3(k) and (m)
we indicate the two activated intertwined filaments by the white
and green arrows. Notably, during this time, we observed quite
intense emission from a second location as well, which was
situated remotely to the north of the filaments (indicated by the
teal arrows in Figures 3(k) and (m)). A summary of the different
evolutionary phases under study is provided in Table 1.

5.1. Episodic Energy Release at Nullpoint Topology

Comparison of Figures 1(a) and (b) readily suggests that the
small-scale flux enhancements observed in X-ray channels
were more in agreement with hot AIA channel intensity
variations (i.e., 94 and 131 A) compared to the low-temperature
channels (i.e., 304 and 171 A) Therefore, in order to have a
thorough understandmg of the activities during Phase 1 and
Phase 2, we examine the AIA 131 A images of the ﬂanng
region in Figures 4 and 5, respectively. Hot AIA EUV imaging
clearly revealed that repetitive X-ray/EUV peaks during
Phases 1 and 2 were essentially linked with an episodic,
impulsive brightening of the compact loop structure. Notably,
as discussed in Section 4 (see also Figure 2), the region of these
compact bright loops has been identified with the location of
the coronal nullpoint topology.

In Figure 4(a) we show AIA 131 Ai image of the region, in
which we outline the bright loops by dashed red curves. From
the overplotted line-of-sight (LOS) magnetogram contours
(Figure 4(a)), it becomes evident that the bright loops were
connecting different opposite-polarity regions of the central
sunspot group (see also Figures 2(b), d)). During the
subsequent emission peaks of Phase 1, i.e., P1,-Plg, we
observed clear X-ray sources up to 25 keV that originated from
the location of the compact loop system associated with the
nullpoint. Despite continued X-ray emission and enhanced loop
brightening in the EUV, there was no significant change in the
morphology of the compact loop system. This brightness of the
compact EUV loop system increased during Phase 2 (Figure 5),
which is also evident from the EUV light curves (Figure 1(b)).
Notably, RHESSI sources were identified to be more compact
during Phase 2 than in Phase 1. Furthermore, during Phase 2,
we found continued X-ray emission at higher energy (12-25
keV). Thus, the morphology and intensity of X-ray and EUV
sources during Phase 2 suggest that the reconnection activities
at the nullpoint are more energetic. Moreover, we observed
eruptions of small loop-like structures from the location of the
nullpoint during the peaks P2; and P2, (indicated by the yellow
arrows in Figures 5(b) and (c)), which point toward the
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Figure 3. Panel (a): SXR flux in the GOES 0.5-4 A (red curve) and RHESSI 6-12 keV (blue curve) channels. Panels (b)-(m): Multiwavelength evolution of the core
active region in AIA 171 A (panels (b), (e), (h), and (k)), 131 A (panels (c), (), (i), and (1)), and 304 A (panels (d), (g), (j), and (m)). For comparison, four dashed lines
are drawn in panel (a) corresponding to the time informations of the images of the four columns. The white and green arrows in different panels indicate filaments
during different phases within the studied interval. The red arrows in different panels and the teal arrow in panel (g) indicate the location of preflare brightening. The
teal arrows in panels (k) and (m) indicate a remote brightening observed during the peak phases of the flare. The FOVs of these panels are shown by the dotted boxes
in Figures 2(d). An animation of the figure is available. The animation has a duration of 23 s and displays the temporal evolution of the active region in AIA 171, 131,
and 304 A wavelengths with 12 s cadence between 04:00 UT and 05:15 UT on 2011 September 26.

(An animation of this figure is available.)

restructuring of the magnetic configuration in the vicinity of the
nullpoint as a result of nullpoint reconnection.

5.2. Failed Eruption of the Filament and Associated M4.0
Flare

After a prolonged period of repetitive events of small-scale
coronal energy release, the main M4.0 flare was initiated at
~05:06 UT. In Figure 6 we show a series of AIA 94 A images
of the core region displaying different phases of the main flare.

The preflare filament was not prominently visible (indicated by
the red arrow in Figure 6(a)) in the AIA 94 A channel images.
It samples high-temperature coronal plasma (=6 MK), but
during the onset of the highly impulsive rise phase of the flare,
we observe narrow, stretched bright emission beneath the
filament along its entire length (indicated by the black arrow in
Figure 6(b)). During the impulsive phase, the activated filament
went through an eruptive motion toward the projected eastern
direction (see arrows in Figures 6(b)—(e)). We observed strong
X-ray sources up to energy ~50keV from the location of the
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Table 1
Summary of the Pre- to Postflare Evolution of active region NOAA 11302 on 2011 September 26
Flux
Sr. No. Phase Peaks Time (UT) Remarks
1 Phasel Pl ~04: 08 Brightening in compact loop system associated with coronal nullpoint topology. RHESSI missed
(04: 04UT—04: 39UT) Pl ~04: 17 observation of P1, due to RHESSI night. Localized RHESSI sources within the energy range
Pl; ~04: 21 3-25 keV from the location during subsequent SXR peaks.
P14 ~04: 24
N
Plg A
2 Phase2 P2 ~04: 41 Highly compact X-ray sources up to ~25 keV energy from the location of the nullpoint. Eruption
(04: 39UT—04: 53UT) P2, ~04: 44 of small loop-like structures from the nullpoint configuration during P2; and P2,.
P2, ~04: 49
P2 4 ~04: 52

3 Impulsive
(05: 06UT—05: 08UT)

Activation and failed eruption of one filament. Development of intertwined double-decker flux
rope system. X-ray sources up to energy ~50 keV from the location of the activated filaments.

4 Gradual
(05: 08UT—O05: 13UT)

Brightening of a highly structured loop system. Intense EUV emission from flare ribbons and
post-reconnection loop arcade. Multiple ribbon-like brightening from regions situated north of the

core flaring location.

activated filament. Notably, the X-ray sources seem to coincide
well with the initial location of the spatially elongated filament,
which was most likely generated from the newly formed post-
reconnection arcade (Figure 6(d)). During the gradual phase,
the erupting filament interacted with a set of closed low-coronal
loops lying above the core region, which most likely caused the
eruption of the filament to cease, leading to a classification of
the flare in the “failed eruptive” category. The gradual phase of
the flare was characterized by intense emission from these
closed low-coronal loops (indicated by the blue arrow in
Figure 6(f)) as well as from the postflare arcade following the
erupting filament (indicated by the black arrow in Figure 6(f)).
A comparison of the AIA 94 A image with the overplotted
contours of the cotemporal HMI LOS magnetogram
(Figure 6(f)) reveals that the overlying coronal loops connected
the negative polarity regions of the central sunspot region to the
dispersed positive-polarity region situated north of the central
sunspot group.

In order to investigate the evolution in _the low atmospheric
layers of the Sun, we look at AIA 304 A images (Figure 7),
where we readily observe signatures of two quite prominent
filaments that appeared to be separated spatially prior to the
onset of the flare (indicated by the yellow arrows in Figure 7(a)).
During the impulsive phase, as the filament displayed a brief
period of eruption, we observed intense emission from the core
of the active region (Figures 7(b)—(c)). During the peak phase of
the flare, the two filaments appeared to become intertwined with
each other, resembling a double-decker flux rope system. The
two hot filaments of the double-decker system are indicated by
the green and teal arrows in Figure 7(d). The double-decker
structure shrank during the early gradual phase of the flare
(indicated by the yellow arrows in Figure 7(e)), which was
further followed by the formation of flare ribbons and postflare
arcades (within the dashed green box in Figure 7(f)).

Interestingly, during the peak phase of the M4.0 flare (~05:08
UT), we observed multiple ribbon-like brightening from regions
situated north of the location of the filaments (indicated by the
white arrows in Figure 7(d)). During the gradual phase, emission
from the ribbon-like structures significantly intensified (see
Figures 7(d), (e), (f)). Topological analysis was carried out to

explore the physical connections of these remote brightenings
with the flaring processes (Section 6.1).

6. Coronal Magnetic Field Modeling
6.1. Preflare Coronal Configuration and Postflare Arcade

In Figure 8 we plot NLFFF-extrapolated coronal field lines
in the active region prior to the onset of the M4.0 flare and
compare them with the coronal loops observed in EUV images.
For convenience, we plot cotemporal LOS magnetogram and
AIA 171 A image of the active region in Figures 8(a) and (b),
respectively. From the contours of the HMI LOS magnetogram
plotted on top of the AIA 171 A image (Figure 8(b)), it
becomes clear that in addition to the flaring region, the active
region was characterized by a set of large coronal loops that
extended up to high coronal heights, which is indicated by the
teal arrows. We further note the presence of a different filament
within the active region that was not involved in the reported
flaring activity. In Figure 8(b) we indicate the filament by a
black arrow.

In Figure 8(c) we display a few sets of modeled coronal field
lines in the overall AR. We find that the teal field lines correlate
well with the coronal loops indicated by the teal arrows in
Figure 8(b). In Figures 8(d)—(f) we focus on the NLFFF-
extrapolated field lines within the flaring region alone, where
we readily identify three flux ropes that are shown in bright
yellow, pink, and light yellow. Interestingly, the flux rope
shown in light yellow is precisely cospatial with the filament
indicated by the black arrow in Figure 8(b), which is further
demonstrated by the AIA 304 A image in the background of
Figure 8(d). Furthermore, the two flux ropes shown in bright
yellow and pink constitute a double-decker flux rope config-
uration that is exactly cospatial with the two filaments that were
involved in the M4.0 flare (Figures 3, 7).

Here we recall that, during the gradual phase of the flare,
multiple ribbon-like brightenings situated north of the core
region became very bright (indicated by the white arrow in
Figure 7(f); Section 5.2). NLFFF-extrapolation results suggest
that a set of field lines connect this region to the northern leg of
the double-decker flux rope system; they are shown in green
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Figure 4. Evolution of Phase 1 in the AIA 131 A channel. The dotted red curves in panel (a) indicate the coronal loops involved in the nullpoint topology during the
different flux peaks of Phase 1 (i.e., P1,—P1¢). Contours of a cotemporal HMI LOS Magnetograms are overplotted in panel (a). Contour levels are [400, 1400] G.
Yellow and purple contours refer to positive and negative field, respectively. Cotemporal RHESSI contours of 3-6 keV (white), 6-12 keV (yellow), and 12-25 keV
(pink) energy bands are plotted over panels (b)—(f). Contour levels are 55%, 75%, and 95% of the corresponding peak flux.

(Figures 8(d)—(f)). Notably, a few of the green lines, exactly
above the northern leg of the flux rope shown in bright yellow,
were characterized by high values of the squashing factor
(log(Q) = 3), which is represented by the teal patch in
Figures 8(d)—(f). Furthermore, the footpoints of the green
model coronal loops were characterized by high Q-values,
which is evident from the background red patches representing
log(Q) = 2 in Figures 8(e)—(f). Notably, the coronal loops
involved in the quadrupolar configuration are shown by the
blue lines in Figures 8(c)—(e).

In Figure 9 we show the association of the double-decker
flux ropes and the quadrupolar coronal configuration from

different viewing angles. From the top and side views of the
whole configuration, we readily understand that the quad-
rupolar configuration including the nullpoint (indicated by the
green, orange, and black arrows in Figures 9(a)—(c), respec-
tively) was only lying over the yellow flux rope. NLFFF-
modeled field lines, complemented by AIA observations,
clearly demonstrate that the nullpoint is situated above the
central part of the yellow flux rope (see the green and red
arrows indicating the nullpoint and the northern leg of the
yellow flux rope, respectively, in Figure 9(a)). Furthermore, we
could identify a different set of model field lines (shown in teal
in Figure 9(d)) that manifest a structure similar to the dense
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Figure 5. Evolution of Phase 2 in the AIA 131 A channel. Panels (a), (c), (e), and (f) are during P2,-P2, peaks, respectively. Contours of cotemporal RHESSI sources
in 3-6keV (white), 6-12 keV (yellow), and 12-25 keV (pink) energy bands are plotted in selected panels. Contour levels are 55%, 75%, and 95% of the
corresponding peak flux. Yellow arrows in panels (b) and (c) indicate small- loop-like erupting structures. The red arrow in panel (e) indicates the filament that

underwent activation during the M-class flare.

coronal arcade (indicated by the blue arrow in Figure 6(f)) that
developed during the gradual phase of the flare. During the
impulsive phase of the flare, the flux rope (shown in bright
yellow) might have undergone eruptive motion toward the east,
interacted with the teal lines, giving rise to the enhanced
emission from the highly structured teal lines.

6.2. Decay Index and Twist Number

EUV observations revealed that the eruption of the filament
was constrained within a short while after initiation, leading to
a failed eruption. In order to investigate the coronal conditions

10

responsible for the failed eruption, we calculated the magnetic
decay index (n) within the extrapolation volume.
Theoretically, if a current ring of major radius R is embedded
in an external magnetic field, then the ring experiences a
radially outward hoop force because of its curvature. In stable
conditions, this hoop force is balanced by the inwardly directed
Lorentz force. If the Lorentz force due to the external field
decreases faster with R than the hoop force, the system
becomes unstable due to the torus instability (Bateman 1978).
The decay rate of the external magnetic field is quantified by
the magnetic decay index (n). Considering the fact that the
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Figure 6. Series of AIA 94 A images depicting the evolution of the M-class
flare. The black arrow in panel (b) indicates the localized brightening that
suggests the onset of the flare. The red arrows in panels (a)-(e) indicate the
filament during different phases of its failed eruption. The black arrow in panel
(f) indicates emission from the flare arcade. The blue arrow in panel (f)
indicates highly structured coronal loops overlying the post-reconnection
arcade. Contours of the HMI LOS magnetogram are overplotted in panel (f).
Contour levels are +(500, 1500) G. Yellow and pink contours refer to positive
and negative flux, respectively. Contours of cotemporal RHESSI sources in
3-6keV (pink), 6-12 keV (yellow), 12-25 keV (red), and 25-50 keV (blue)
energy bands are plotted in selected panels. Contour levels are 50%, 80%, and
95% of the corresponding peak flux.

toroidal component (directed along the axis of the flux rope) of
the external magnetic field does not contribute to the strapping
force (a nice visual depiction is provided in “Extended Data
Figure 2” in Myers et al. 2015), in the ideal current-wire
approach, the magnetic decay index is calculated as

__ dlog(By)
~ dlog(h)

@

,where B, is the external poloidal field (along the transverse
direction of the flux rope axis), and % is the height.
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Figure 7. Series of AIA 304 A images depicting the evolution of the M-class
flare. The yellow arrows in panel (a) indicate the two filaments prior to the
onset of the flare. The teal and green arrows in panel (d) indicate the two
filaments during the peak phase of the flare. The yellow arrows in panel (e)
indicate the two filaments after the failed eruption. The dashed green box in
panel (f) outlines the core region during the gradual phase of the flare where
intense emission from the flare ribbons and post-reconnection arcade can be
identified. The white arrows in panels (d)—(f) indicate ribbon-like brightenings
observed during the gradual phase of the flare. Contours of the HMI LOS
magnetogram are overplotted in panel (c). Contour levels are +(500, 1500) G.
Green and blue contours refer to positive and negative flux, respectively.

However, in reality, flux ropes are observed to significantly
differ from the simplified shape of a semicircular current wire
(see, e.g., Démoulin & Aulanier 2010; Fan 2010; Olmedo &
Zhang 2010). Therefore, in order to calculate the magnetic
decay index, we manually determined the approximate 2D
projection of the flux rope axis on the photosphere (shown by
the red curve in Figure 8(a)). The 3D magnetic field vectors
at each pixel on the vertical surface above the axis were
then decomposed into two components: along the direction of
the axis, i.e., the toroidal component, and perpendicular
to the axis, i.e., the poloidal component. This perpendicular
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Figure 8. Panel (a): HMI LOS magnetogram of active region NOAA 11302. Panel (b): Cotemporal AIA 171 A image. The flaring region is outlined by the white box.
The teal arrows indicate a set of large, high-lying coronal loops above the flaring region. Contours of the LOS magnetograms are plotted over the AIA 171 A image at
levels of £[500, 1000, 1500] G. Red and cyan contours refer to positive and negative polarities, respectively. Panel (c): NLFFF-extrapolated magnetic field lines
showing the important coronal connectivities in the overall active region. In panels (d)—(f), we show only the model field lines in the flaring region. The bright yellow
and pink lines represent two flux ropes. The northern part of the flux rope shown in bright yellow was enveloped by the blue lines. A set of field lines (shown in green)
situated north of the flux rope shown in bright yellow was associated with a high squashing factor. The teal patch in panels (d)—(f) within the region of green lines is
characterized by log(Q) = 3. The light yellow lines in panels (d) and (e) represent another flux rope that was present in the active region, but did not take part in the
flaring activity. In panel (f), we show the same model coronal loops except for the blue and light yellow lines to better visualize the green lines. The color template
used in the background magnetograms is same as in Figure 2(b). The background of panel (d) is the AIA 304 A image. The reddish patches over the background in
panels (e)—(f) are characterized by log(Q) = 2. The red curve in panel (a) approximately denotes the axis of the bright yellow flux rope, which is used for the magnetic

decay index analysis shown in Figure 10.
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Figure 9. Modeled coronal configuration involved in the preflare activities and the M-class flare including the two flux ropes (shown in bright yellow and pink color)
and the low-coronal closed loops connecting the multipolar photospheric configuration (shown in blue color). The northern leg of the yellow-colored flux rope is
indicated by the red arrows in panels (a). The red-colored patch within the blue lines (also indicated by the orange arrow in panel (b)) is characterized by log(Q) = 8.5
which represents a coronal nullpoint. The green arrow in panel (a) indicate the approximate location of the nullpoint. In panel (c), only the representative magnetic
lines involved in the nullpoint configuration are shown. For a better representation, the four domains of magnetic field lines are shown in different colors. The black
arrow indicates the nullpoint. The sky-colored lines in panel (d) represent the set of coronal loops that intensified during the gradual phase of the flare (indicated by the
blue arrow in Figure 6(f)). The color template used in the background magnetograms is same as in Figure 2(b).

component was used in Equation (2) to compute the magnetic
decay index.

From the distribution of the magnetic decay index above
the flux rope axis (Figure 10), we find that within a very low
height above the flux rope, we found an extended region of
high magnetic decay index (depicted by the red patch in
Figure 10(a)). This region was immediately enveloped by
another region in which the decay index was as low as ~—3
(the region shown in blue in Figure 10(a)). Above this region,
the value of the decay index slowly increased and again
reached 1.5 at a quite high coronal layer (indicated by the
yellow curve in the top portion of Figure 10(a)). In
Figure 10(b) we plot the variation in decay index averaged
over the axis of the double-decker filament with height,
where we find that the average value of decay index in the
high corona reached values of 1.0 and 1.5 at heights of
~43 Mm and =64 Mm, respectively.

In order to investigate the applicability of the kink instability
as the triggering mechanism of the flux ropes, we calculated the
twist number within the extrapolation volume using the IDL-
based code developed by Liu et al. (2016). The twist number
(T,; Berger & Prior 2006) associated with a flux rope is
defined as

(V X B) -

47B? dl’

3
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where L denotes the length of the flux rope. Our calculations
suggest that the two flux ropes in the double-decker flux rope
system were associated with a positive twist. The average value
of the twist number associated with the flux rope shown in
bright yellow was found to be &1.5, while the twist number
associated with the flux rope shown in pink was found to be
~1.7. A statistical survey conducted by Duan et al. (2019)
revealed the critical value of |r,,| for kink instability to be 2,
which suggests that the kink instability was not responsible for
the activation of the filament during the onset of the M4.0
flares.

7. Discussion

In this paper, we have investigated the triggering and
subsequent failed eruption of a small filament from active
region NOAA 11302. The morphology of the active region was
highly interesting as three prominent and distinct sunspot
groups in this active region were distributed in an almost linear
manner. While the central sunspot group was the smallest of
the three, it was the only bipolar sunspot group containing &
spots. Notably, the reported flare occurred from the central
sunspot group.

While one filament underwent a failed eruption, EUV
images of the flaring region prior to the onset of the M4.0 flare
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Figure 10. Panel (a): Distribution of magnetic decay index with height along the vertical surface above the axis of the yellow flux rope (indicated by the red curve in
Figure 8(a)). The yellow curves refer to n = 1.5. The variation in decay index with height, averaged over the flux rope axis, is shown in panel (b). The dotted green and
red lines indicate the critical heights corresponding to n = 1.0 and n = 1.5, respectively. The dash-dotted blue and teal lines indicate the maximum heights of the

yellow and pink flux ropes, respectively (see Figure 9).

clearly revealed signatures of two distinct filaments (Figures 3,
7(a)). During the impulsive phase of the flare, both filaments
were activated, extended spatially, and developed into a
complex structure in which both filaments were intertwined
with each other (Figures 3(k)-(m), 7(d)). NLFFF extrapolation
results suggest the presence of two flux ropes in the flaring
region in a double-decker flux rope configuration. The
contemporary concept of the double-decker flux rope system
was first reported by Liu et al. (2012), and only a handful
of articles have reported such complex structures since then
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(e.g., Cheng et al. 2014; Kliem et al. 2014; Dhakal et al. 2018;
Tian et al. 2018; Wang et al. 2018; Awasthi et al. 2019; Zheng
et al. 2019; Mitra et al. 2020b; Mitra & Joshi 2021). Despite the
small number of reportings, double-decker flux rope systems
can be mostly divided into two categories. While most of
the reported double-decker flux rope systems were identified as
two vertically well separated filaments, one of them undergoing
eruption (e.g., Liu et al. 2012; Dhakal et al. 2018; Tian
et al. 2018; Awasthi et al. 2019; Zheng et al. 2019), the second
category comprises complex preflare sigmoidal structures
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involving intertwined flux ropes (Cheng et al. 2014; Mitra et al.
2020b; Mitra & Joshi 2021). In the first category, triggering
and eruption of flux ropes are generally caused by photospheric
activity, i.e., shearing and/or rotating motion. However, in this
case, the activation of one flux rope in the double-decker
system may or may not influence the stability of the other flux
rope (see, e.g., Liu et al. 2012). On the other hand, in the case
of intertwined flux ropes, interaction between the two flux
ropes mostly causes an activation and eruption of the system.
The two filaments reported in this article were spatially well
separated during the preflare phase. During the impulsive
phase, they extended longitudinally and became intertwined
with each other. Furthermore, the onset of the flare in this case
followed clear preflare activities that occurred at a separate
location from the filaments, which was identified both in the
SXR flux evolution and in the AIA EUV images. In view of
this, the double-decker system reported in this study seems to
have characteristics of both the categories of double-decker
systems discussed above. This complex and intriguing behavior
of magnetic flux ropes challenges our general understanding of
solar magnetic fields and their evolution during transient
activities.

The SXR flux evolution prior to the onset of the M-class flare
revealed multiple episodes of flux enhancements (Figure 1).
Comparison of SXR light curves with EUV images of the active
region suggested that these preflare flux enhancements are
associated with a localized brightening that originated above the
northern end of the filaments. The photospheric magnetic field of
the region manifested a complex distribution of magnetic
polarities involving 6 spots (i.e., the central sunspot group; see
Figure 2). The NLFFF extrapolation revealed a multiflux
topology in the flaring region that forms a quadrupolar
configuration with a coronal nullpoint (Figures 2(e), 9). This
preflare coronal configuration is in agreement with the scenario
prescribed in the breakout model of solar eruptions (Antiochos
et al. 1999; Karpen et al. 2012). According to this model, the
small-scale preflare reconnections at the nullpoint will remove the
overlying (constraining) magnetic flux by transferring it to the
side-lobe field lines (see Figure 1 in Karpen et al. 2012). In view
of this, the observed preflare episodic brightening of the coronal
loops associated with the nullpoint is well consistent with the
initiation process of the eruptive flux ropes invoked in the
breakout model. We note intense and structured emission during
the preflare phase (see Figure 5) that continued until the earliest
development of the M-class flare (Figure 6(a)). This structured
emission can be readily perceived as the brightening of multiple
low-lying loops of the quadrupolar configuration in and around
the coronal nullpoint, providing credence to our proposed
scenario of preflare energy release by nullpoint reconnection.

Notably, the location of the nullpoint above the filament by
identifying the region of highest value of the degree of squashing
factor (Q) within the extrapolation volume. Nullpoints are
essentially singular points in the corona in which all the
components of the magnetic field vanish (Aschwanden 2005).
Theoretically, a nullpoint can be characterized by Q — oo as it
works as a separator between different topological domains of the
magnetic field (see, e.g., Longcope & Klapper 2002). However,
numerical techniques used to calculate Q-values will always
return finite values, thus we can expect a coronal nullpoint to be
associated with high-degree Q-values (Pariat & Démoulin 2012).
In a number of studies concerning coronal nullpoints and their
evolution, the coronal nullpoints were found to be associated with
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a wide range of Q-values (~104—1012; see Yang et al. 2015; Liu
et al. 2020; Qiu et al. 2020; Prasad et al. 2020). In the present
study, we observed the nullpoint to be associated with a value of
0~ 10%. Regions with smaller Q are identified as quasi-
separatrix layers (QSL; Aulanier et al. 2006). Here we recall that
during the gradual phase of the M4.0 flare, multiple ribbon-like
brightenings were observed from locations north of the flaring
region (Figures 7(d)-(f)). The NLFFF extrapolation results
revealed the presence of a set of coronal loops that connect the
remote region with the region situated at the northern footpoint of
the flux rope (shown by the green lines in Figures 8(d)—(f)).
Calculation of Q has further revealed that the green lines are
associated with strong Q-values (Figures 8(d)—(f)). These
findings demonstrate that the remote brightening during the peak
phase of the main flare is an observational manifestation of slip-
running reconnection influenced by the QSLs.

The most important aspect of this study is the investigation of
the failed eruption of the flux ropes. Analysis of the magnetic
decay index (n) suggests the presence of an extended region just
above the flux ropes characterized by n > 1.5 (Figure 10), which
suggests that the flux ropes were subject to torus instability. The
topological configuration of the active region corona in our event
presented a special scenario in which a coronal nullpoint existed
in the core region and the region of torus instability resided
immediately below the nullpoint (Figure 9(c)). High decay of
magnetic field is expected below a nullpoint, which in turn
increases the value of the decay index. However, the coronal
region within the height range ~7-20 Mm above the flux ropes
(Figure 10(c)) is of particular interest in view of the negative
magnetic decay index within this height range. Notably, the
variation of average decay index with height presents a so-called
saddle-like profile where a local maximum of 7 in lower height is
followed by a local minimum of n at relatively larger height
(Wang et al. 2017). Such a saddle-like profile of the decay index
produces a favorable condition for a failed eruption of flux ropes
because the toroidal strapping force (responsible for constraining
the erupting magnetic structure) increases in height after an initial
decrease (see, e.g., Wang et al. 2017; Filippov 2020b). However,
a number of studies have reported successful eruption of flux
ropes even though the coronal decay index profile was saddle-
like (e.g., Cheng et al. 2011; Wang et al. 2017; Filippov 2020a),
suggesting the involvement of other factors toward the successful
eruption. Among the number of parameters such as the Lorentz
force and the nonpotentiality of the source region, the value of
decay index at the saddle bottom is believed to be important in
determining the eruption profile of flux ropes (Liu et al. 2018).
Inoue et al. (2018) investigated a successful flux rope eruption
through a saddle-like decay index profile by numerical simulation
and found that the feedback relation between the eruption of the
flux rope and reconnection rate beneath it enabled the flux rope to
pass through the torus-stable zone. The event reported here is a
good example of a failed eruption due to a saddle-like decay
index profile of the corona above the flux rope. This event is
special through the negative decay index region above the torus-
unstable zone within a low height (<20 Mm; Figures 10(c), (e)),
which is rarely observed (see Filippov 2020a). The negative
value of the magnetic decay index not only decelerated the
eruption of the flux rope, but also repelled it downward.

In the present study, we analyze and interpret an intriguing
case of the failed eruption of a torus-unstable, complex double-
decker flux rope system. We show that the continuation of a
flux rope eruption against the overlying coronal fields is
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essentially controlled by the extended decay index profile
characterizing the strength of the strapping field through the
larger coronal heights above the flux rope axis. Investigations
of the failed eruptions of torus-unstable flux ropes have
emerged as one of the most crucial topics in the contemporary
solar physics because of their importance in the space-weather
prediction. In this context, in addition to the classical torus
instability, some additional factors have been assessed to
understand the cause of the failed eruption, which are worth
discussing (Myers et al. 2015; Zhong et al. 2021). Based on the
results of laboratory experiments, Myers et al. (2015) found
that the failed eruption can also occur when the guide magnetic
field, i.e., the toroidal field (the ambient field that runs along the
flux rope) is strong enough to prevent the flux rope from
kinking. Under these conditions, the guide field interacts with
electric currents in the flux rope to produce a dynamic toroidal
field tension force that halts the eruption. The study by Zhong
et al. (2021) presents a data-driven MHD simulation for a
confined eruption. They showed a Lorentz force component,
resulting from the radial magnetic field or the nonaxisymmetry
of the flux rope, which can essentially constrain the eruption. In
the light of the above studies and our work, we understand that
the ultimate fate of solar eruptions is determined by a complex
interplay of coronal magnetic fields involving the magnetic flux
rope and the core and envelope fields. To this end, we plan to
carry out a series of subsequent studies of failed eruptions of
torus-unstable flux ropes in order to reach further under-
standing of the mechanism(s) of successful or failed solar
eruptions.
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Appendix
Calculation of the Twist Number

For a smooth, non-self-intersecting curve x(s) parameterized
by arclength s and a second such curve y(s) surrounding x,
jointly defining a ribbon, the twist number 7, is given by
(Equation (12) in Berger & Prior 2006)

ngzifxf(s)w?(s)x%

™

ds, (A1)
where T(s) represent the unit tangent vector to x(s) and V(s)
denotes the unit vector normal to x(s). Here, any point on y(s) is
related to x(s) by

y) =x@) + V). (A2)

m, and
J = -1V x B. A detailed calculation conducted by Liu et al.

Ho
(2016) reveals

In the context of the present analysis, T = B =
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d J|
ds  4rn|B| | 2mB
J|
s [ las+ [ s, (Ad)
X 47l'|B| X 27T|B|

JB

|B|’
spatial variation of B. The first term in the right-hand side

approaches 7,, close to the axis of the flux rope, i.e.,
c

limTweszf—ds.
e—0 (€)= x 27|B|

From Equation (AS), it becomes clear that 7,, provides an
underestimation of the true twist number of flux ropes.
However, calculation of 7, requires including the exact
geometry of the flux rope. Finding the exact geometry of a
flux rope from the extrapolated magnetic field is practically not
possible. Considering the flux rope to have approximated
uniform twist, i.e., a uniform a-flux rope (Lundquist 1950),
c=0,ie., 7, ~ T, (Liu et al. 2016).

where Jj| = and c is a constant dependent on V and on the

(A5)
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