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Abstract

Active Regions (ARs) in their emergence phase are known to be more flare productive and eruptive than ARs in their decay
phase. In this work, we focus on complex emerging ARs composed of multiple bipoles. Due to the compact clustering of the
different emerging bipoles within such complex multipolar ARs, collision and shearing between opposite non-conjugated
polarities produce “collisional polarity inversion lines” (cPILs) and drive rapid photospheric cancellation of magnetic flux. The
strength and the duration of the collision, shearing, and cancellation are defined by the natural separation of the conjugated
polarities during the emergence phase of each bipole in the AR. This mechanism is called “collisional shearing”. In Chintzoglou
et al (2019), collisional shearing was demonstrated using two emerging flare- and CME-productive ARs (NOAA AR11158 and
AR12017) by measuring significant amounts of magnetic flux canceling at the cPIL. This finding supported the formation and
energization of magnetic flux ropes before their eruption as CMEs and the associated flare activity.

Here we provide results from data-driven 3D modeling of the coronal magnetic field, capturing the recurrent formatlon and
‘eruption of energized structures in support of the collisional shearing process. We discuss our results in relation to flare and
eruptive activity.




Observational facts

* The Sun’s disk, when featureless, is referred to as the “Quiet Sun”.
* When sunspots appear on the disk, they indicate areas called “Active Regions” (ARs).
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During emergence of simple bipolar ARs: low
potential for flares & CMEs (e.g., Sammis et al 2000)

NOTE: decay phase: cancellation may produce
eruptions (Ballegooijen & Martens 1989:;
Mackay 2009; Green et al 2011; Yardley et al 2018;
Chintzoglou et al 2019; Dhakal et al 2020)
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During emergence of complex ARs: high potential
for flares & CMEs (Zirin & Liggett 1987; Sammis et al
2000; Schrijver 2007; Toriumi & Takasao 2017;
Chintzoglou et al 2019)



But why some ARs are more flare
oroductive and eruptive than other ARs”

Challenge: Many potent ARs rotate into Earth view already developed and thus witnessing how they
evolve in becoming flare active and eruptive is as of now not possible.

It appears that emerging ARs are more flare- (and CME-) productive than decaying ARs (e.g. Schrijver
2009). Same goes with increasing complexity of the magnetic configuration (B, By, By9, etc; e.g., Hale &
Nicholson 1938; Sammis et al 2000).




Why some ARs are more ftlare
oroductive and eruptive than other ARs”

Understanding of Major Activity at present is not clear. Many theories proposed:

Sunspot Rotation (e.g., Aulanier et al 2010)?
MHD instabilities (e.g., Torok & Kliem 2005; Kliem & Torok 2006; Amari et al 2018; Kusano et al. 2020)

Shearing (e.g., Breakout: Antiochos et al 1999, DeVore & Antiochos 2008)?

Tether-cutting (e.g., Moore et al 2003, Syntelis et al 2017)?

Cancellation (e.g., Ballegooijen & Martens 1989, Amatri et al 2011)?

Emergence (e.g., Manchester et al 2004, Archontis & Torok 2008)?

“bodily emergence” (of a pre-eruptive structure — the magnetic flux rope) (e.g., Okamoto et al 2008)?

Inconclusive evidence (limb or disk obs).
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COLLISIONAL SHEARING

Case A: Simultaneous Collision of Magnetic Flux Tubes
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Chintzoglou et al 2019

Collision -> collisional Polarity Inversion Lines (cPILs) -> conditions for shearing +
cancellation are driven by the emergence and evolution of individual bipoles within the
same AR.

We call this process collisional shearing (different from cancellation within a conjugate
bipole; van Ballegooijen & Martens 1989)

Also, (super)granular diffusion and differential rotation in van Ballegooijen & Martens 1989;
an effect << collisional shearing during emergence.

Formation of cPILs suggests conversion of sheared arcade to an MFR-> explosive activity?



Collisional Shearing & Recurrent

(Homologous) Explosive Activity
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e Flux cancellation during emergence of ~1-2 x 1021 Mx (quantified using
the flux deficit method; Chintzoglou et al 2019).

e cancellation @ cPIL -> consistent with formation of MFRs @ cPIL.

* Question: Amount of canceled flux => poloidal flux in corona (MFRs)?



SDO/AIA: Collisional Shearing Forming
Filament Channels above cPILs
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Collisional Shearing found in all ARs
which emerged in the East Hemisphere
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Abstract

Major flares and coronal mass ejections (CMEs) tend to originate from compact polarity inversion lines (PILs) in
solar active regions (ARs). Recently, a scenario named “collisional shearing” was proposed by Chintzoglou et al.
to explain the phenomenon, which suggests that the collision between different emerging bipoles is able to form a
compact PIL, driving the shearing and flux cancellation that are responsible for the subsequent large activities. In
this work, by tracking the evolution of 19 emerging ARs from their birth until they produce the first major flares or
CMEs, we investigated the source PILs of the activities, i.e., the active PILs, to explore the generality of
“collisional shearing.” We find that none of the active PILs is the self PIL (sPIL) of a single bipole. We further find
that 11 eruptions originate from the collisional PILs (cPILs) formed due to the collision between different bipoles,
six from the conjoined systems of sPIL and cPIL, and two from the conjoined systems of sPIL and ePIL (external
PIL between the AR and the nearby pre-existing polarities). Collision accompanied by shearing and flux
cancellation is found to develop at all PILs prior to the eruptions, with 84% (16/19) cases having collisional length
longer than 18 Mm. Moreover, we find that the magnitude of the flares is positively correlated with the collisional
length of the active PILs, indicating that the more intense activities tend to originate from PILs with more severe
collisions. The results suggest that “collisional shearing,” i.e., bipole-bipole interaction during the flux emergence,
is a common process in driving the major activities in emerging ARs.

Unified Astronomy Thesaurus concepts: Solar active regions (1974); Solar active region magnetic fields (1975);
Solar activity (1475); Solar flares (1496); Solar coronal mass ejections (310)

Supporting material: animations

Liu et al 2021, Apd



Collisional Shearing in AR12673
(highest T.F.l. AR of Solar Cycle 24)
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Collisional Shearing was found behind the rapid formation of the eruptive flux rope in “super
AR” AR12673 (Sep 04 2017, first X-flare/CME)



Putting the Cartoon to the
Numerical) Test

Chintzoglou et al.
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Case A: Simultaneous Collision of Magnetic Flux Tubes
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collision onset

Using an evolutionary data-driven magnetofrictional model (Cheung &
DeRosa 2012) to investigate the collisional shearing process.

Time-evolving photospheric boundary condition (B.C.):

s 1 E-field at photosphere

\ 1
El,. = ——vXB(x,y,z =0;t)
N N ¢PIL -
sPIL2




Numerical method

The magnetofrictional (MF) code solves for the magnetic vector potential, A,
and utilizes E-fields to drive the evolution of B in the volume.

oA : .
— = vXB | Induction Equation
ot

B = VXA ] = VB v=2]xB e

Our numerical scheme is a modification of Cheung & DeRosa (2012) and
uses:
(1) a stagg




Prescribed evolution for the

magnetic flux in the B.C.
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Major result: Recurrent

Explosive Activit
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COLLISIONAL SHEARING

Chintzoglou et al.
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Critical height (surface) evolves
with time during emergence!

Decay index n:

quantifies the decay rate at which
the overlying horizontal magnetic
field (which straps the MFR down)
weakens with increasing
height from the photosphere.

~ -adlogBhorizontal
” dlogz

Useful assumption:




Collisional Shearing Drives

Homo\ogous EXplosive Activity
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Summary & Conclusions

Part (1) What makes some ARs more eruptive than others? Introducing the
Collisional Shearing Process:

Our proposed mechanism (Chintzoglou et al 2019) considers the effect of magnetic cancellation during emergence in complex
multipolar ARs.

We name this process “collisional shearing” to emphasize that it is different from the cancellation scenario of Ballegooijen & Martens
(1989) who considered cancellation in the internal PIL of a singular bipole during it’s decay phase.

We demonstrate that cancellation occurs during emergence in significant amounts (1—2x102' Mx or more), i.e., comparable to
the total flux of the AR, which has been neglected in the past solar eruptive models (Chintzoglou et al 2019).

Our proposed mechanism supports the formation and energization of magnetic flux ropes before their eruption as CMEs and
the associated flare activity.

Part (2) An evolutionary data-driven numerical model for Co_llisional Shearing




