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Abstract

Solar flares are the best examples of astrophysical magnetic reconnection in which
the reconnection structure can be studied in detail. The structure is manifested
through flare ribbons, intense optical and EUV emissions in footpoints of field
lines attached to the coronal reconnection region. In the most common type of solar
flares, two parallel ribbons appear and move away from each other, which could be
related to the reconnection electric field under the theory of two-dimensional (2D)
X-point reconnection, opening up a wide field of solar research. Another break-
through came upon the discovery of circular ribbons, which implies a dome-shaped
spine-fan structure capable of truly three dimensional (3D) null point reconnection.
The variability of circular ribbons could also shed light on the reconnection electric
field in the corona, but was relatively less attended. In this paper, we review selec-
tive topics in both types of flares with emphasis on the dimensionality of magnetic
reconnection. Three types of reconnection: 2D X-point, 3D torsional, and 3D spine-
fan reconnection are studied and associated with translational, rotational, and vibra-
tional degrees of freedom. It is demonstrated that the dimensionality-based analy-
sis of the observed dynamics of circular and parallel ribbons can facilitate a better
understanding of the nature of solar magnetic reconnection.
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1 Introduction

Dimensionality is an important ingredient in physics, as degrees of freedom, i.e.,
the maximum number of logically independent values, are set by the dimension of
the system. In statistical mechanics, possible motions of particles are constrained
by the dimension of the system, which leads to different thermodynamic proper-
ties like specific heat ratio and electronic susceptibilities (El-Batanouny 2020). Lat-
tice dynamics also gives us properties such as thermodynamics, superconductiv-
ity, phase transitions, thermal conductivity, and thermal expansion (Hughes 1982).
Likewise dynamical properties of fluids change depending on the dimension of the
system so that dimensional analysis allows exploration of both the laminar and tur-
bulent limits and understanding of basic physics in fluid motion (Jensen 2013).

Dimensionality is evidently important in magnetic reconnection too, as it limits
the degrees of freedom available to the motion of interacting magnetic fields in the
system. The concept of magnetic reconnection was introduced by Dungey (1961)
to model the Earth’s open magnetosphere. Ever since Sweet (1958) and Parker
(1957) presented a two dimensional (2D) model, in which a current sheet stretches
along the boundary between oppositely directed magnetic fields, the resulting rate
of reconnection has always been calculated to be too slow to explain the explosive
energy release during a solar flare. Petschek (1964) presented another framework in
which the central current sheet is small and much less elongated, and this mecha-
nism does operate fast enough to explain a flare that proceeds at typically a tenth or
a hundredth of the Alfvén speed. Efforts to prove the highly efficient reconnection
in astrophysical settings has been made in laboratory experiments without full suc-
cess yet (Yamada et al. 2004). Three-dimensional (3D) reconnection theory came up
much later to demonstrate that 3D reconnection is significantly different from that
in 2D (Schindler et al. 1988; Hornig and Schindler 1996; Hornig 2001, 2007). For
the latest progress in 3D magnetic reconnection, we refer to the reviews by Li et al.
(2021) and Pontin and Priest (2022).

Magnetic reconnection in the sun, like in any astrophysical settings, has to rely
on remote observations, and the information that we can get from the sun may not
be the same as those obtained by in-situ observations (Paschmann et al. 2013) and
also different from laboratory physics (Yamada et al. 2004). Solar magnetic field
lines are anchored in the photosphere (Priest 2014), and we can observe bright emis-
sions in the footpoints of the field lines attached to the coronal reconnection region.
As magnetic energy is released via reconnection, it is used to accelerate charged
particles in the corona, which then precipitate down to the solar atmosphere along
the field lines to interact with cold plasma in the chromosphere and photosphere
to subsequently heat them. Heated plasma in the solar atmosphere produces bright
emissions in (E)UV and optical wavelengths called flare ribbons, and their morphol-
ogy has provided clues to the physical process in the coronal magnetic reconnec-
tion (Zirin 1988; Longcope 2020). As the flare ribbons are projection of the coronal
region onto the surface, 2D ribbon structure may represent 3D coronal reconnection
structure, and 1D ribbon structure can tell 2D coronal reconnection, while no recon-
nection is possible in 1D.
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Most widely studied flare ribbons are so-called two parallel ribbons (PRs),
which appear on both sides of magnetic polarization inversion line (PIL), and
separate away from each other during solar flares (e.g., Kopp and Pneuman
1976). Observed phenomenology of the parallel ribbon flares (PRFs) could be
understood in terms of a simple 2D framework with an X-point configuration to
provide a handy method for measuring a reconnection rate directly from the local
speed and magnetic field at the flare ribbons (e.g., Forbes and Priest 1984; Forbes
and Lin 2000; Priest and Forbes 2000). This procedure became so routine in stud-
ies of PRFs to bring up an extensive volume of research on solar magnetic recon-
nection in many decades. Eventually a group of scientists, Carmichael (1964),
Sturrock (1967), Hirayama (1974) and Kopp and Pneuman (1976), established
the 2D standard model for solar eruptive flares, also called CSHKP model, which
provides a unified framework for direct measurement of the coronal reconnection
rate from observables as well as explaining many observed behaviors.

Anomalous behaviors of PRs that are not directly addressed by the standard 2D
model are also found. Those phenomena include nonuniform structure of bright-
ness and speed along the ribbon axis (Asai et al. 2004; Jing et al. 2007; Liu et al.
2008), distinct morphology of Hea ribbons and hard X-ray sources (Asai et al. 2004;
Liu et al. 2007), stepwise ribbon motions and variability of ribbon area (Lee et al.
2006), and discrete fine structures inside ribbons (Jing et al. 2016; Wyper and Pon-
tin 2021). These issues could be addressed by extending the 2D model to include
the other dimension yet keeping the X-point reconnection physics. Some studies uti-
lized particle-in-cell (PIC) simulation to explore microphysics in the scale of the
current sheet (Zhang et al. 2021; Guo et al. 2015, 2021). In particular, Zhang et al.
(2021) investigated how particle acceleration rate depends on magnetic shear, which
indirectly demonstrates the influence of the dimensionality on the reconnection
efficiency.

Another type of solar flares called circular ribbon (CR) flares (CRFs) was found.
Unlike PRF studies, CRF studies came with significant magnetohydrodynamics
(MHD) simulation. Early comprehensive studies of CRFs were presented by Mas-
son et al. (2009) and Reid et al. (2012) for a confined flare using 1600 A ultraviolet
images from TRACE to identify a line-tied fan-spine structure with the most repre-
sentative structure for CRFs. Wang and Liu (2012) studied a set of CRFs, and asym-
metric CR motions along with homologous jets using classical Ha data of Big Bear
Solar Observatory (Zirin 1988).

Studies of CRFs mainly adopted 3D MHD simulation as a tool for physical inter-
pretation, as an analytical approach seems not promising. Masson et al. (2009) and
Reid et al. (2012) suggested that the singular spine field lines could be embedded in
a somewhat larger quasi-separatrix layer (QSL) structure. The outer spine field can
connect back to the surface to produce remote brightenings, but can also be open to
generate jets (Pariat et al. 2009, 2010). A resistive MHD simulation for spine-fan
reconnection found that the footpoint locations of field lines initially lying under the
dome end up outside the dome after the reconnection and those beginning outside
the dome end up inside (Pontin et al. 2013). Elongated outer ribbons appear to be
related to the squashing factor (Titov et al. 2002), which indicates strong gradients
of the field line mapping (Pontin et al. 2016). The finite cross section of a QSL also
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seems consistent with the observed elongated spine-related ribbons (Masson et al.
2017).

Reconnection of field lines within QSLs shows up in the observations as a phe-
nomenon known as slipping reconnection (Aulanier et al. 2006). The footpoints
of the reconnecting field lines, and correspondingly, the precipitation sites, appar-
ently slip through the plasma at a potentially high apparent speed along the chro-
mospheric intersection of the embedding QSL. This includes so-called slip-running
reconnection, where the slipping is super-Alfvénic (see, for example, Dudik et al.
2014, 2016). Masson et al. (2009) and Reid et al. (2012) showed that after the recon-
nection at the null point, the slipping motion is away from the null point and the ini-
tial location of the outer spine, which accounts for the successive brightening of the
CR. Transformation of a CRF to a TRF has also been reported (Zhong et al. 2019),
and two different types of confined flares are suggested based on the role of filament
and the nonpotentiality of the ambient magnetic field (Li et al. 2019). These works
highlight the complexity in triggering reconnection in spine-fan structures.

In this paper, we study the physical nature of solar flares from the viewpoint of
the dimensionality of magnetic reconnection. Since theoretical properties of the 2D
and the 3D reconnection physics are well documented elsewhere (Priest and Pon-
tin 2009; Pontin 2011, 2012; Pontin and Priest 2022), we focus on their application
to solar observations. In Sect. 2, we introduce solar flare phenomenology and state
the dimensionality problem. In Sect. 3 we briefly review basic requirement for 3D
reconnection, and formulate reconnection rates and energy conversion rates, which
allows fast comparison of such theories with solar observations. In Sect. 4, we pre-
sent solar observations that can evidence theoretical 3D reconnection. In particular,
we relate the observed behaviors of CRFs to the modes of kinematic reconnection.
In Sect. 5, we discuss solar magnetic reconnection in a magnetic arcade structure,
and demonstrate anomalous behaviors of PRFs which do not fit to the standard 2D
model. Finally, we summarize the lessons learned from this study in a way to con-
trast the 2D and 3D reconnection in solar flares and discuss future perspectives in
Sect. 6.

2 Dimensionality in solar flare phenomenology

We introduce commonly-used solar flare terminology using Fig. 1. A theoretical
spine and fan field structure is shown in Fig. 1A, B, where the spine fields coming
toward the null point (black dot in the middle) diverge out to infinity on the xy-plane
to form the fan surface. In the sun, however, we can see only the field lines rooted in
the surface either by one foot or both. We therefore need to bend the fan field lines
down to the photosphere as shown in Fig. 1B so that those fan field lines form the
circular footpoints (CR) encircling the spine footpoint (IR). We thus end up with a
single polarity region surrounded by a dome-shaped fan surface in the other polarity
as shown in Fig. 1C.

Further complications in the real world are introduced in Fig. 1a—g. In panels (a, b)
the dark feature is the QSL, as visualized by using high squashing factor, log O, which
indicates strong gradients of the field line mapping (Titov et al. 2002). More advanced
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Fig.1 CRF and TRF. The fan surface in the 3D null structure (A) should be bent down to make its
outskirts a CR (B) in the photosphere (Source: Priest 2014). C An EUV image of the SOL2014-12-
17T04:51 flare shows a circular dome shape (Source: Lee et al. 2020a). a—f Maps of squashing factor and
current density clearly reveal the separatrices around the 2011-11-15 CRF (Source: Sun et al. 2013). g
The geometry of the 2D standard flare model. Solid lines represent magnetic fields and the dashed line is
the separatrix, which also defines the X-point

is the signed squashing factor, slog O, shown in panels (d, e). The QSLs in panel (a,
d) manifest the fan and inner/outer spine as well as the null point in the potential field
(PF) model. Those in panels (b, €) show the same in the nonlinear force free field
(NLFFF) model, which is believed to represent the real coronal field more closely. Pan-
els (c, f) are the corresponding current density maps obtained from the NLFFF model.
Figure 1g shows the standard model for eruptive solar flares, in which the X-point is
located above the closed flare loop and below an erupting filament called a coronal
mass ejection (CME).

Obviously, all solar flares occur in 3D, and yet we are eager to find cases that can be
approximated by a 2D framework because 2D theory offers a simple and clear interpre-
tation of magnetic reconnection. Figure 2 is meant to make an argument as to why 3D
theory is needed for some types of solar flare, but not others. Top panels are two Ha
images selected for contrasting ribbon symmetry, and the bottom panels are skeleton
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Fig.2 Two types of Ha flare ribbons: a two PRs observed during the 2003-10-13 PRF (credit: Astro-
nomical Institute, University of Wroclaw, Poland) and b highly asymmetric ribbons during the 2010-11-
06 CREF (credit: Kuridze et al. 2013). Schematic skeleton representation of the PRF with an arcade of 2D
field lines (c) and that of the CRF with a spine-fan structure (d). Note the difference between the ribbon
motions (green arrows) relative to the PIL (dashed lines)

models. Theoretically we may imagine a limiting case that ribbons (Fig. 2a) become
so highly asymmetric that one shrinks to a point, while the other completely surrounds
it so as to make a CRF (Fig. 2b). Panels (c) and (d) show such a transformation of two
ribbons into an inner ribbon (IR) and an outer ribbon (CR).

In observations CR often moves away from the PIL, which can be regarded as a
process of sucking up more flux to fuel the reconnection. Then the reaction of IR to
the expansion of the CR, should shrink to a point. Not only is this physically impos-
sible but solar observations show that both IR and CR increase in size during flares.
Explanation of IR expansion in the traditional paradigm needs an inward moving CR
front, and the coronal reconnection point should also move to the center of CR and IR
circles. The sun does not seem to support this scenario. This means that a CRF may
not be understood as a variant of a PRF formed by rolling up a linear ribbon to meet
end to end. It turns out, however, that the properties can be explained by the behavior
of the current configuration around the 3D null point. This example demonstrates that
not every type of solar flare can be cast into the 2D picture. Understanding of a CRF
phenomenology needs a fully 3D magnetic reconnection model.
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3 Magnetic reconnection theory

To facilitate physics-based discussion on the dimensionality of solar magnetic recon-
nection, we briefly check theoretical concepts and basic formulations. Our goal is not
to present a complete review of theory but to discuss why such theoretical concepts are
also needed for solar study, and what can be tested against solar observations. In this
effort, we briefly review how 2D and 3D reconnection are distinguished in theory, and
attempt to formulate the magnetic reconnection rates and energy conversion rates in
terms of solar observables.

3.1 Distinction between 2D and 3D reconnection

There are several ways to explain how 3D reconnection differs from 2D reconnec-
tion. We review three of them and provide insights from solar physics perspectives.

3.1.1 Flux-conserving velocity

The formal proof of the 2D and 3D reconnection can be made in terms of the conti-
nuity equation for magnetic field and a flux-conserving velocity w (Schindler et al.
1988; Hornig and Schindler 1996; Hornig 2007, 2001; Priest et al. 2003):
@—VX(WXB)=O. 1)
ot
In the 2D reconnection, the solution for w exists and is smooth and continuous eve-
rywhere except X-points where it is singular. Therefore, the field lines evolve as if
they are reconnected at this point only, and the reconnection of magnetic field lines
occurs in a one-to-one pairwise fashion at a single point. However, in the 3D recon-
nection, no solution for w exists for the flow threading the diffusion region. For a
proof, we refer to Priest et al. (2003). As a result, magnetic field lines are not recon-
nected in a one-to-one fashion. Consequently 3D reconnection exhibits many dis-
tinct properties that are not shared by 2D reconnection [see, for further discussion,
Pontin (2012), Priest et al. (2003)].

An observational test of this theory may be checking whether or not we can trace
flare kernel pairs engaged in a single isolated event of reconnection. Observations
of UV flare kernels would make a suitable dataset for this study as we can count
pairs of the kernels in both magnetic polarity regions (Fletcher et al. 2004; Naus
et al. 2022). Imbalance in the number and magnetic flux of kernels in either side of
footpoints or disordered motions of kernels often found in solar observations might
represent an intrinsic nature of 3D reconnection, not necessarily any limitation of
observational capability.
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3.1.2 Topological changes

A more clear demonstration of the issue of traceability of the field line connectivity
in 3D reconnection was presented by Pontin (2011) as reproduced in Fig. 3. Here
two colored flux tubes come to the diffusion region (shaded gray-scale surfaces)
to reconnect. The colored bands are used as identifiers of the magnetic connectiv-
ity just like a rubber band for a pencil grip is used as a pencil identifier. The tube
denoted A was initially connected to be B (Fig. 3a). Suppose, upon the interaction
of the two flux tubes in the diffusion region (Fig. 3b), A is connected to D. If this
means that B is connected to C, then such interaction is called 2D reconnection.
Namely, in 2D reconnection, A (B) remains to be A (B), which is also indicated by
the green bands. Same for the C and D as indicated by the black bands. It does not
matter whether or not flux tubes have finite volumes in the 3D space.

Pontin (2011) demonstrated, based on the steady-state kinematic solution of
Hornig and Priest (2003), that this is not the case in the 3D reconnection (Fig. 3d—f).
Again, there are two field lines about to enter the diffusion region. One of them con-
nects plasma elements labeled A and B, while the other connects plasma elements C
and D. If the field lines are chosen such that after reconnection A is connected to C,
then B will not be connected to D. This is shown graphically such that initially sin-
gle colored flux tubes (Fig. 3d) split themselves passing through the diffusion region
(Fig. 3e) and appear in mixed colors after the reconnection (Fig. 3f). In this case,

()

Fig. 3 Illustration of the 2D and the 3D reconnection. In the 2D reconnection, change of the connectivity
of two interacting flux tubes (marked by colored grip bands) can be traced on a one-to-one basis (a—c).
In the 3D reconnection, two flux tubes (marked by black bands) should be traced in a different way as
indicated by the transparent sections during the reconnection and the mixed colors in each tube after the
reconnection (d-f). A local non-ideal region is plotted as a gray volume around the X-point (a) and a 3D
null-point (d). Source: Pontin (2011)
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the bands are plotted with no distinct colors, and the identifier notations, A-D, are
no longer used after the reconnection. In short, if the change of connectivity can
be traced on a one-to-one basis, it is defined as 2D reconnection and otherwise 3D
reconnection.

To this proof, we want to add a phenomenological interpretation of magnetic
reconnection using an analogy with the lattice dynamics. In Fig. 3a—c, the con-
nectivity change from A-B to C-D occurred via translational motion only, regard-
less of the finite thickness of the flux tubes or possibly uneven shapes. On the other
hand, the rotational motion of the tubes around the diffusion region is introduced in
the 3D reconnection (Fig. 3e—f), which is analogous to the difference between 1D
and 2D/3D lattice dynamics. Another possible degree of freedom is the vibrational
motion, which is likely to be associated with magnetic shear motion. What makes
3D reconnection different may be the rotational and vibrational degrees of freedom
in the motions around the 3D null point.

3.1.3 Non-zeroE - B

We can distinguish 2D from 3D reconnection by checking whether or not E - B takes
a nonzero value. Even before the concept of reconnection was introduced, it had
been conceived that the flux-conservation condition may break down in the pres-
ence of a finite E - B (Newcomb 1958). Non-zero E - B is now regarded as a neces-
sary condition for reconnection regardless of the presence of a null-point (Schindler
et al. 1988; Hesse and Schindler 1988). E - B is also the source term in the helic-
ity evolution equation (Berger 1984; Berger and Field 1984) and we suggest that
the rotational flows in 3D reconnection are a signature of the helicity production or
decay. An exception occurs for 2D reconnection, however, because a magnetic field
and its motion lying on a 2D plane makes an electric field out of the plane, and no
magnetic component can be specified in that direction. The zero E - B in this case
does not mean no reconnection possible in 2D, since both E - B and |B| are zero at an
X-point, and E; = E - B/|B| can be finite. Therefore, the nonzeroness of E - B does
not apply to 2D reconnection and can be a criterion for the dimensionality of mag-
netic reconnection.

Let us apply this condition to the two specific magnetic configurations for solar
flares. In a magnetic arcade system (Fig. 2c) consisting of 2D X-configuration lying
on the x—z plane stacked along the PIL in the y-axis, magnetic field is expressed as
(B,,0,B,). In that system, field line motion on the x-z plane produces an electric
field in the y-axis, E,, and E - B is zero so that reconnection proceeds in a 2D man-
ner. If a nonzero guide field, B,, is added, the system will change to a sheared arcade
and 3D reconnection is enabled. Note, however, that in the sun an unshared arcade
evolves to a sheared arcade via footpoint motion under the line-tying condition. This
process may not necessarily be the same as turning on a guide field in numerical or
laboratory experiments in that the whole arcade system can be sheared or distorted
in a way to form another set of 2D systems. Until the 3D components of field line
motion around the X-point is known, we cannot guarantee 3D reconnection solely
based on a 3D magnetic structure.
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Likewise, the circular fan-dome configuration (Fig. 2d) has magnetic field com-
ponents only in the 7-z plane, (B,, 0, B,), so that a field line motion in the plane will
create E,. Again, 3D reconnection is not really possible in this case, albeit its perfect
3D appearance. Only when the fan field is torsionally distorted to create the B, com-
ponent, E - B is nonzero and 3D reconnection will occur. To call such B, a torsional
component, and such B, a shear component, we notice that both torsional and shear
components are in the direction of the PILs of the respective systems. We can there-
fore expect that solar flares occuring in the presence of magnetic field parallel to
PIL are likely to be involved with 3D reconnection and, otherwise, with 2D recon-
nection. Alternatively we may test the nonzeroness of E - B based on flare ribbon
motions, which may allow a more practical approach in solar physics.

3.2 Reconnection rate and energy conversion rate

In the general framework of 3D magnetic reconnection (Schindler et al. 1988; Hesse
and Schindler 1988), the change of connectivity, or the flux reconnection rate, is
quantified by the maximal value of

. E-B

where the integration is performed along any field line threading the non-ideal
region from one side of the diffusion region to the other. In the 2D standard model,
E, can be determined by the ribbon speed and normal magnetic field strength, and
the product of those two quantities is typically referred to as the magnetic reconnec-
tion rate in solar flare studies (Fig. 1g). For 3D reconnection rate no simple analyti-
cal expression is yet available, and we will discuss this issue in this section.

For astrophysical applications, the amount of energy released by reconnection
may be more important than the rate of reconnecting flux. For the interest of phys-
icists, another quantity called dimensionless reconnection rate is more important,
because it tells the efficiency of reconnection. A goal is this section is to express the
energy conversion rate in terms of solar observables and the dimensionless recon-
nection parameters. Commonly used for the calculation of the energy conversion
rate is the Poynting flux (Isobe et al. 2005). Since the Poynting vector represents
the power flow of an electromagnetic field or the directional energy transfer per unit
area per unit time, total electromagnetic energy change rate £ can be expressed as
follows if it is solely due to the Poynting vector, S = E X B, coming from both sides
into the nonideal region with area A:

—'B=2/S-dA. (3)

The issue is therefore how to specify an appropriate area A through which S flows
out of the diffusion region.

To derive the simplest possible expressions for these two key parameters, we use
the schematic geometry plotted in Figs. 4 and 5. The figures show the field lines

@ Springer



Reviews of Modern Plasma Physics (2022) 6:32 Page 110f49 32

Fig. 4 Parameters used for formulating magnetic reconnection in PRF (a, b) and CRF (c, d). a An arcade
system for 2D X-point inside the current layer (shaded area) and the separatrix (dotted lines). b The rela-
tionship between the coronal current layer and the flare ribbons. (Source: Lee et al. 2006). ¢ A spine-fan
system with (solid) and without (dashed) a torsional perturbation. d Layers of the fan fields connecting
from the CR to the outer spine (light shade) and to the inner spine (dark shade) along with the current
tube located around the 3D null point

in ideal regions (solid lines) and nonideal regions (gray shaded volumes) along
with the motions associated with each type of reconnection for two types of mag-
netic configurations: a magnetic arcade (Figs. 4a, b, 5a, b) and a spine-fan system
(Figs. 4c, d, 5c—f). The formulation to be presented in this section is based on the
relationship between these geometrical parameters to those of ribbon structures
observable in solar surface.
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3.2.1 X-point reconnection

Figure 4a, b shows the magnetic field configuration for formulating 2D reconnec-
tion. The X-point is actually hidden inside the diffusion (or nonideal) region colored
gray. For our purposes, we need a finite volume of the nonideal region as will be
discussed below. Let us use subscripts, i, for parameters associated with the incom-
ing field into the X-point, o for the outgoing field, and f for the footpoint field, i.e.,
ribbons. In the coordinate system shown in Fig. 4a, the 2D reconnection occurs at
the X-point and the associated electric field is E, = —vib; in the direction out of the
x-z plane. This leads to

L, L,
d,,. = /O E,dL, = /0 vBydL, ~ v,B,l,, 4)

where v;B,; is replaced by v,B, under the principle of magnetic flux conservation.
Another note is that the X- hne length, L., in the corona is set to be the same as the
ribbon length, /; in the photosphere. Both v;B; = v;B; and L, = [, are the key ele-
ments of the 2D reconnection, which allow us to calculate the coronal reconnection
rate with solar observables only (Forbes and Priest 1984; Priest and Forbes 2000;
Forbes and Lin 2000). We may accommodate an inhomogeneous ribbon structure
by allowing E, to vary along y-direction and allow the integral path to be arbitrarily
curved. Namely, we can stack the 2D slices along the y-axis to make it 2.5D while
keeping the X-point reconnection physics valid. This form of reconnection rate has
been the most widely used in solar flare studies.

The 2D magnetic field configuration and other physical parameters around the
reconnecting current sheet (RCS) are shown in the left panel (Fig. 4a). The sepa-
ratrices are shown as dotted lines and the RCS, as the shaded slab centered at the
X-point. The Poynting flux coming from one side is S; = E,;XB; = E,B;x. The total
electromagnetic energy change solely due to the Poynting fluxes coming from both
sides into the RCS is then expressed by:

—& e =2E,BA, =2v,BlA,. 5)
To complete the calculation we need A, = LyLz, the current sheet area. In 2D con-
figuration, L, is equivalent to the ribbon length, but L, is not directly observable. Lee
et al. (2006) linked L, to L, via the dimensionless reconnection rate, M, defined by
the ratio between the inflow to outflow speed (Petschek 1964). According to their
RCS geometry and some simplifying assumptions, this ratio is, in fact, simply the
aspect ratio of the RCS:

< 1. (6)

They applied the flux conservation law not only to the incoming B, component but
to the outgoing B, component in the RCS. Namely, the magnetic flux through the
ribbon area, Ay, equals the flux going through A, as:
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LZ
BxLyg = B/A;. @)
The factor of 2 arises because B, is assumed to vary linearly from B, = B, at the bot-
tom of the RCS to B, = 0 at the X-point Fig. 4b. We also have A,B, = 4B;A; from
the flux conservation law. What we need to know to close this calculation is there-
fore a relationship between B, and B;. Lee et al. (2006) used Eq. (6) to remove B, to
express the magnetic energy release rate in terms of solar observables:

_ 8B7A
5rec =—— |Vf|- (8)
M

One simplifying assumption for this expression is that most of the incoming energy
flux (S,A,) should be consumed inside the RCS and the outgoing energy flux (S,A,)
carry a negligible amount of energy as is likely for solar flares (see, for justification,
Lee et al. 2006). Goodbred et al. (2021) presented a more thorough calculation of
the energy conversion rate without such approximation. Our intention for this simple
expression is that the observed ribbon area can be used instead of the unknown RCS
area along with the dimensionless reconnection rate, M.

3.2.2 Torsional reconnection

Torsional reconnection, although has been in the focus of 3D reconnection studies,
has not yet attained analytical expressions for the reconnection rate. A major dif-
ficulty in formulating torsional reconnection rate is that the flux-transporting flow
into the nonideal region is actually decoupled from the counter-rotational flow that
determines the reconnection rate (Hornig and Priest 2003). We thus proceed with
the premise that a theoretical assessment of the reconnection rate and energy conver-
sion rate is not possible as far as torsional reconnection is concerned.

As shown in Fig. 4c, we consider that a torque is applied on the CR to perturb
the fan field lines in the 0 direction. As a result, a current region develops along the
spine around the null. In this so-called torsional spine reconnection, the reconnec-
tion rate should be

o, = / Ejds ~ 2L.E,, )

where El’T is the reconnection electric field parallel to the spine. The nonideal region
is assumed to be in the form of a cylindrical tube with height L. and radius r,
(Fig. 4d). A loop integral of the electric field around the tube under Faraday’s law
will allow us to replace L E, with —r E,. We can then rewrite the above quantity as
o, = —2rb,vj. Here vy is the counter-rotational flow motion during reconnection,
which is unknown to us. Instead we can specify v, for the rotational flow motion
driven externally. The above issue can be rephrased as vj # v,, which means that
information on torsional reconnection is inaccessible.

Contrary to the general belief, we can, at least, specify the flux input rate sup-
plied by the driver, @, by using v, instead of v,- Upon time integration of b, we
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can determine the total amount of flux available for torsional reconnection, which
must be comparable to the reconnected flux, i.e., ®y,, 7y, = —®..7,.. Where 7, is
the timescale for driving the magnetic twist and 7,., for reconnection. To determine
&, from this relation, the only missing piece of information is 7,.. representing
timescale for the counter-rotational flow motion. To cope with this issue, we intro-

duce an ad hoc parameter:
A= — = —. (10)

With this yet-unspecified parameter, we will explore properties of torsional recon-
nection to the extent that they are controlled by an external driver. For now, our goal
is to calculate the flux reconnection rate in the form:

NS a/E”ds = —2ar.vyb,. (11)

In Fig. 4d, we set a circular fan with radius R, and footpoint field strength B,.. The
spiral shape of the fan field shown in Fig. 4c is omitted in Fig. 4d for visual simplic-
ity, as is not essential for applying the flux conservation relation. In this case, the
flux conservation law gives:

R,
r’b. = 2RCBCA2 <, (12)

where the factor of 2 appears in the denominator because we split the CR into two
parts: one connected to the outer spine (light shaded layer) and the other to inner
spine (dark shaded layer). We assume a rigid (even though not) rotation to have
vy =r.(Vy/R,) = r.0,.. This relation along with the flux conservation law allows us
to express the torsional reconnection rate:
. 0,
q)rec = (X—BCAL.. (13)
b2
in terms of & representing the yet unknown physics of field line slippage along with
other parameters specifying the torsional driver.
For calculation of energy, we utilize two kinds of Poynting vectors available in the
present setting. The first Poynting vector is created by a torque applied to CR. Due

to the rotation of footpoints at V,, a radial component of electric field, E, = -V, B,,
and then upward Poynting vector, S, = —E, By = —Vng, are created. This Poynting

vector is distributed over the CR area, A, = 2zR, /\ R, and propagates toward the
null along the fan field (Fig. 4d). Since a fan field line forms a half circle in the (7, z)
plane, the Poynting vector is S, at the start and becomes S, reaching the null point.
This process can be more easily visualized by using the flattened fan surface onto
the (r, 6) plane (Fig. 5d). Therefore, the enhanced magnetic energy in the fan region
transported to the nonideal region per unit time is
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gdrvz_/?.'SdAZ_/SszcszAcvé’:%Bzvc (14)

where V, = (ﬂRZ) /\ R, is the volume of the circular disk shown in Fig. 5d. This
is rather an obvious result, since the system will lose the extra energy gained by an
external torque via derotation of the fields to restore the original state. What matters
is, of course, the timescale. It also clarifies that without B,, there is no energy flux
toward the nonideal region and no torsional reconnection (see also Sect. 3.1.3).

The second Poynting vector is calculated using the counter-rotational motion, v},
as defined above. The electric field E, = vib, and the magnetic field b, in the non-
ideal region gives a rotating Poynting vector, S, = v:b?, which passes through the

67 c’

cross sectional area, L_r.. The associated energy change rate is &, = —avyb’r.L,,
which we can relate to observables by utilizing the flux conservation law [Eq. (12)],

but not L.. We thus introduce another dimensionless parameter:

r

N = —C, (1 5)
z

in an analogy to M = L. /L, in 2D. The energy flow rotating inside the nonideal

region about the spine is then &, ~ —B*A. /A R.|Vy|/zNr.. It is likely that the

diameter of the nonideal tube is comparable to the width of CR if the field strength

of CR is comparable to that of IR, B. ~ B;. We thus make an approximation,

2r./ /A R, ~ 1, to further simplify the expression to the following form:

, B2A,
& —a

rec — N g (16)

As a note, one may ask whether or not this quantity without « must match the energy
input rate in Eq. (14), because the Poynting energy in the ideal region should be con-
served before reconnection. Since the driving Poynting flux, S,, is coming toward
the spine in all directions, it has to turn into S, reaching the spine making itself vul-
nerable to torsional reconnection. Therefore, the magnitude of S,A, originating from
the CR should be the same as that of SyA, rotating about the spine. By equating (14)
with (16), we find N ~ af~2. Namely, a stronger driver (~ #%) makes the tube more
slender, and at a faster torsional reconnection rate (~ «), it becomes less slender.

At this point, we can proceed no further, until how the magnetic twist energy
escapes out of the nonideal region is known. In our configuration (Fig. 4d), S, does
not cross any surfaces of the nonideal tube. S, must turn itself into S, as part of the
torsional reconnection process. This flipping in the orientation is not in the present
formulation, but is likely to occur in view of the MHD simulations indicating tor-
sional Alfvén waves (e.g., Wyper and Jain 2011; Wyper et al. 2017) or helical jets
(Pariat et al. 2015) propagating out of a CRF region (Fig. 5c).

We summarize the energy transfer around torsional reconnection based on the
Poynting theorem:

Ju

E=—V-S—J~E, (17)
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where u is energy density and J is current density in the system. Equation (14) rep-
resents the input energy due to S,, delivered to the nonideal region without any loss.
As S, is coming from all radial directions, it gets involved rotational motion reach-
ing the spine to produce S,, which amounts to an angular momentum trapped inside
the nonideal region [Eq. (16)]. During the torsional reconnection, S is likely to be
turned into S, so that it can escape out along the spine at the rate of dS,/dz, and
part of the energy will be dissipated via Joule heating, J - E. This energy conversion
process, as is determined by the torsional reconnection, remains undetermined. We
could, at least, present the maximum energy input rate to the nonideal tube, du/0t,
available for release under the torsional reconnection.

3.2.3 Spine-fan reconnection

Spine-fan reconnection may be a more common type of reconnection in a spine-fan
structure, and presents a couple of other difficulties in relating the field line slip-
page to the energy conversion rate. First of all, a spine will interact with a section
of fan, which will apparently result in an asymmetric distribution of the magnetic
flux in an otherwise symmetric spine-fan structure. During such reconnection, a CR
can expand on one side and contract on the other side, a phenomenon schemati-
cally illustrated in Fig. Se, f. Another difficulty is that the field line slippage speed
near a spine can be arbitrarily large, because mapping of field lines near the spine
to their footpoints can be discontinuous. Both properties are well demonstrated by
a 3D MHD simulation by Pontin et al. (2013), and make it challenging to formulate
the reconnection rate and energy conversion rate. However, the inward and outward
shift of CR from its original position during spine-fan structure should somehow
be related to the magnetic flux transfer into and out of the dome structure (Masson
et al. 2017), unlike the torsional reconnection for which such a relationship could
not be set.

To accommodate the asymmetric connectivity change in the r-z plane, we sep-
arate the ribbon motions in two domains: in D*, the CR is moving outward from
the original position, and in D™, the ribbon is coming inward from the original
position. In D*, we use the notation, /\R", for the local ribbon width and
V;; =d /\ R*/dt for the radial expansion rate of CR. We reuse the same flux con-
servation law [Eq. (12)] but with an additional sign for distinguishing between
the two domains, i.e., bcrf = B_.R, /\ R*. By differentiating this equation with
respect to time, we obtain the electric field as Eﬁf =b., = B.R.V}/r, in D* and
Ei = —B.R.V; /r,in D7, where we put the minus sign to denote the contraction
of the CR and keep V; as positive numbers. The two electric fields in D* are thus
oppositely directed:

ch| VEIR, |

e

E

> It

(18)

Note that E;;F diverges at r, = 0, i.e., near the spines, but upon the integration of E'j
over dl = r.d6, we find the flux reconnection rates as finite as

@ Springer



Reviews of Modern Plasma Physics (2022) 6:32 Page 17 0f49 32

Fig.5 Schematic illustration of the three types of reconnection: 2D X-point (a, b), torsional (¢, d), and
spine-fan (e, f) reconnection. Upper panels show the side views of the magnetic configurations in which
N and S refer to the magnetic polarity in the footpoints and the filled arrows, the polarity of the coronal
fields. The black regions in the corona represent the nonideal region. Lower panels show the top-down
views in which three types of ribbons, PR, CR, and IR are denoted together with their motions in the
translational, rotational, and vibrational degrees of freedom. Dashed lines are PILs

o = /D E;dI* =27R.ViB, = A*B,, (19)

rec

which is apparently similar to that of the 2D reconnection rate with a different nota-
tion of V;;' for the inward and outward ribbon motions. The reason why we end up
with the same sign for @% is that the two domains, D*, are connected to the upper
and lower spines, respectively, and the integral path in D™ has the opposite sense to
in D, i.e., dI” = —dI*. Both are the flux change rates in the same magnetic polar-
ity. The sum of them should match the flux change rate of their pairs in the other
magnetic polarity, i.e., IR and a remote ribbon. Here the difference between dbriec, is
just complementary to each other as they represent a flux transfer from one domain
to the other.

We come back to the issue of diverging E, at small r, as noted in Eq. (18), which
must be related to the discontinuous field line mapping near the spine. The path
integration can be performed up to a very small distance from the spine, but not at
the spine itself, at which point we are unable to specify the rate of field line slip-
page in terms of its footpoint motion. This slippage rate becomes arbitrarily high
because two neighboring field lines near the spine can possibly be connected to
widely separated footpoints. We argue that this issue arises when we trace individ-
ual field lines one by one. If we trace a group of field lines as an integral quantity,
we can still relate the reconnecting area to the ribbon area. In this sense, the above
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quantity [Eq. (19)] obtained under 2D decomposition can serve as an average of the
3D reconnection rate along r..

In this setup, the Poynting flux inwardly propagating into the nonideal region is
given by E,b, (Fig. 4d). In the above, we have already worked outb. = B_.R. /\ R/ r?
[Eq. (12)] and E; = +B.ViR,/r. [Eq. (18)]. The area of the nonideal region where
the Poynting flux passes through is 277 L.. To replace r, with solar observables, we
define another parameter, K, as

r R

R R —. (20)

K

c

The latter approximation assumes that the nonideal tube is straightforwardly pro-
Jjected onto IR so that r, is close to the IR radius. In this case, K is practically given
by the ratio of the CR radius (R,) to the IR radius (R;), which represents the overall
structure of a CRF. We finally express the energy conversion rate for the spine-fan
reconnection as

B2A VE

¢ C R
5rec == N;{ > 2D

where A, = 2zR. /A R is the area of CR. V; can be regarded as the change rate of
the area, A, and the areal change in this case comes from that of the CR width, /AR,
since we set R = (R) + /\R with time-invariant (R) representing the original posi-
tion of the CR. Aside from N, we are able to describe the spine-fan reconnection in
terms of the inflow and outflows, V;—', around the fan and a geometrical factor, K, of
IR to CR, as expected.

To clarify which assumptions lead to such simple expressions for the spine-fan
reconnection [Egs. (19, 21)], we first note that we separately treated the ribbon
motions in the two domains, D*, but did not explicitly introduce the asymmetric
location of the current sheet into the formulation. In reality, a current sheet resides
on one side of the fan causing expansion of CR on that side and contraction on the
other (see, for 3D simulation results, Fig. 9). Another important element missing
in our formulation is the geometry of the current sheet lying between the interact-
ing spine and fan (Fig. 5e). We simply treated it as a small ring around the null.
As a result, this energy conversion rate [Eq. (21)] does not contain a dimensionless
parameter representing the current sheet geometry, unlike that of 2D X-point recon-
nection [Eq. (8)] and torsional reconnection [Eq. (16)]. A more rigorous formulation
is underway, but in the present paper, we limit the scope of investigation to the aver-
age effect of the spine-fan reconnection on the positional shift of CR.

3.3 Degrees of freedom
We put together the above results in Table 1 where (1) degrees of freedom, (2)

dimensionless parameters, (3) reconnection rates, and (4) energy conversion rates
are specified for the three types of reconnection: X-point, torsional and spine-fan
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Table 1 Rates of magnetic reconnection and energy conversion

X-point Torsion Spine-fan
Degree of freedom Translation Rotation Vibration
Dimensionless parameter M=v,/V,? =14, /T N= 1, /L, K=r./R.
Flux reconnection rate V,B/L;® afB A /7 2R.B.A./R,
Relative flux change rate D/D af/zd R2 /R*
Energy conversion rate 8B7 A v, /M © aB’A Vy/nN B2A.VE/aNK

*Petschek (1964)
"Forbes and Priest (1984)
‘Lee et al. (2006)

4Physics of & is unknown

reconnection. These quantities derived for the steady state clarify which motion is
involved with each type of reconnection, and how they are related to solar observa-
bles. We here discuss these results to provide insights into the dimensionality of
solar magnetic reconnection.

Table 1 also provides a simplified categorization of the existing ideas on solar
reconnection according to the degree of freedom. It is worthwhile to clarify once
again why no attempt had been made to derive such analytic expressions, except
those for the X-point reconnection in 2D. The main reason is that tracing individual
field lines in 3D reconnection is not as straightforward as in 2D (Sect. 3.1). We have
instead exploited the one-to-one relationship that still holds for the two major quan-
tities, the flux reconnection rates and energy conversion rates, integrated over the
whole ribbon area. In that spirit, the expressions listed in Table 1 are more suitable
for facilitating qualitative discussions of solar 2D and 3D reconnection. Note also
that no theory for a is yet available, and the quantities for torsional reconnection
with @ = 1 correspond to the input rates of flux or energy available for reconnection
rather than the output rates of reconnection.

Unfortunately the flux reconnection rate strictly depends on the system size and
field strength, and it is less meaningful to compare these quantities in two systems
with different size and field. As a way of normalization, we divide them by the cor-
responding magnetic flux. We call them relative flux change rates and list them in
the next row. These quantities simply mean that the reconnection efficiency is con-
trolled by the translational speed and the rotational speed, respectively. Similarly,
we may want to normalize the energy conversion rates by the corresponding energy.
It is more cumbersome because the field strength in the nonideal regions instead of
the ribbon field should be specified. It is, however, obvious that such normalized
energy conversion rates would be in the form of the change rate of the nonideal
region volume.

As an aid to interpretation of these analytical expressions, we present, in Fig. 5,
schematic illustration for the three types of reconnection in the side view (upper
row) and top-down view (bottom row). The 2D X-point reconnection (Fig. 5a, b)
is plotted mainly to indicate that it involves translational motion. The black regions
represent the current sheet where reconnection occurs. The upward motion of the
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X-point is related to the ribbon separation motion, and the expansion of the current
sheet is related to the ribbon expansion, both of which are key observables in the
solar standard 2D flare model. Figure 5c shows a circular dome-shaped fan and two
spines. Torsional reconnection occurs within the current layer in the form of a tube
(black region) located around the 3D null. We plot the wavy structure for represent-
ing torsional Alfvén waves or helical jets. Figure 5d shows a top-down view of the
circular dome-shaped fan to emphasize that a non-zero B, created by an external
torque, @, is essential to bring up the rotational degree of freedom.

Figure 5e shows a configuration for spine-fan reconnection. The outer spine is
interacting with a section of the fan flux across the current sheet (black region),
which results in an asymmetric flux distribution. In Fig. 5f, the black circle repre-
sents the location of the original CR, and the gray circle, that of CR after the recon-
nection. Depending on which side the spine and fan are in contact, CR expands on
that side at the speed VIJ{ and shrinks on the other side at V. IR plotted in the same
color convention also exhibits a shift in position. Such an asymmetric sectional vari-
ation is abbreviated to an areal variation, RZ, in our simplified expression. We com-
pare this motion to a vibrational degree of freedom.

3.4 Dimensionless parameters for reconnection

The three dimensionless parameters, M, N, and K, introduced in this study are tech-
nically needed in order to set the geometry of the nonideal region, when we relate
the nonideal region to the ribbon area through the Poynting flux. Interestingly, they
are not needed for the flux reconnection rates, because fluxes in both regions are
directly related to each other under the flux conservation law. We wish to point out
that these dimensionless parameters also carry implication on the degrees of free-
dom associated with the types of reconnection.

M is the key parameter in the 2D reconnection theory, as it represents the effi-
ciency of reconnection regardless of the system size and magnitude of the magnetic
field. Physicists are interested in universal laws that apply to all scales, say, from an
explosive event in a galaxy to that of a matchbox. M is defined by the ratio of inflow
to outflow speed or, equivalently, the aspect ratio of the nonideal region, which tells
how many field lines coming in and out of it. Expectedly M = 0.1, and finding this
value is a long-term wish in solar observations and laboratory experiments (Yamada
et al. 2004; Yan et al. 1992; Yokoyama et al. 2001).

N also represents the geometry of a nonideal region undergoing torsional recon-
nection like M does for X-point reconnection. Upto this point, we mainly discussed
torsional spine reconnection for which N < 1 and N decreases further at a stronger
torque applied on the fan. For torsional fan reconnection N > 1, and perhaps N
increases at a stronger torque applied on the spine. The mostly unknown parameter
is a, which couples the flux-transporting flow into the nonideal region to the coun-
ter-rotational flow that determines the reconnection rate. It is certainly desirable to
attempt an empirical determination of « either by solar observations or by numeri-
cal and empirical experiments. There is, however, no guarantee that @ should be a

@ Springer



Reviews of Modern Plasma Physics (2022) 6:32 Page210f49 32

constant or a smooth function of observable quantities. & might even behave like a
step-function in case that the field line untwisting occurs in a manner of instability.

K is somewhat different from M and N in that it represents the overall structure of
a CREF. It is yet unknown whether IR radius tends to be proportional to CR radius or
is solely determined by some fundamental physics. Since the fan surface in a CRF
is rooted in the surface to act like a drum, K may be understood as analogous to the
size ratio of a drum stick to the drum, which would certainly matter in the drum
vibration. In this case too, the aspect ratio of the current sheet forming between a
spine and a fan should have been introduced to better quantify the spine-fan recon-
nection. This is graphically illustrated in Fig. Sc, but greatly simplified in our formu-
lation. An elaboration of this formulation is in progress.

A remaining issue is, of course, how to determine these dimensionless param-
eters. In most astrophysical studies, the amount of magnetic energy released
via reconnection is of utmost importance, and one may want to use M prede-
termined from independent theory or laboratory experiments in calculation of
the energy. One may, alternatively, want to determine the dimensionless parame-
ters, if the physics of reconnection efficiency is of the primary interest. We once
thought that M could alternatively be determined by equating the energy conver-
sion rates to independently measured energy conversion rates from hard X-ray
spectra (Lee et al. 2006), which is still underway. Similarly, one may attempt
an empirical determination of a with solar observation by measuring both the
rotational flows entering the nonideal tube and those coming out of the tube so
that we can relate their difference to the torsional reconnection rate. It must be a
highly challenging task, but the energy released by the untwisting field lines is
likely to be observable in the form of torsional Alfvén waves (e.g., Wyper and
Jain 2011; Wyper et al. 2017) or helical jets (Pariat et al. 2015) that escape out
of CRF regions.

4 Magnetic reconnection in spine-fan structure

Much of the initial interest in 3D magnetic reconnection was due to the desire
to understand how the reconnection occurs in a single null point topology. For
this topic, solar research has largely relied on a number of numerical simulations
(Rickard and Titov 1996; Galsgaard and Nordlund 1997; Galsgaard et al. 2003;
Pontin and Galsgaard 2007; Pariat et al. 2009, 2010; Masson et al. 2009, 2017;
Pontin et al. 2007), in a fan-spine structure that hosts CRFs. As a result, the
following processes in CRFs are currently identified: (1) When the fan/spines
are distorted as a result of shearing or rotational perturbations, current sheets
develop at the null point or along the fan (Pontin and Galsgaard 2007). (2) When
stress from rotational motions is constantly applied, recurrent reconnection at
the null point may occur (Pariat et al. 2010). (3) Shearing the spine is effective
in generating intense electric currents at the null point (Masson et al. 2009) and
the induced reconnection has an effect to restore the alignment of the spines
(Antiochos et al. 2002). (4) Magnetic reconnection in the current sheets formed
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at the null can be triggered by either small-scale local instabilities, e.g., tear-
ing instabilities (Masson et al. 2009; Archontis et al. 2005; Shibata and Tanuma
2001) or large-scale instabilities, e.g., kink-like instability (Pariat et al. 2009,
2010, 2015).

In this section, we mainly discuss magnetic reconnection in a CRF-producing
spine-fan structure. This is, of course, not the only structure that can possibly
host 3D reconnection, and the spine-fan reconnection is not the only possible
mode of reconnection in a spine-fan structure. We assert that a variety of modes
including the torsional and a hydrid reconnection may occur in a solar fan-spine
system. To organize those various reconnection modes we utilize the generic
3D kinematic models developed by Priest and Titov (1996), Pontin et al. (2004,
2005a, b), Pontin (2011, 2012), and Pontin and Priest (2022). The reader should
keep in mind that solar flares occurring in more complex configurations than
those prescribed by the theoretical models, may have a mix of multiple modes of
reconnection.

4.1 Null current parallel to spine

Torsional reconnection due to null current with a particular orientation is a theo-
retical invention with somewhat arbitrary choices of the driver. It can be debatable
whether the sun can actually provide a suitable driver. It is rather unlikely that a
large driver appears on the sun to coherently rotate the fan to let the null current
build up parallel to the spine. Nonetheless we here present a flare event, which is
characterized by a large fan structure surrounded by a coronal hole, in which case
any perturbations such as emergence of a sunspot or its rotation may push the fan
field against the coronal hole boundary to provide an effective twist needed for tor-
sional reconnection.

We reproduce the theoretical kinematic model of Pontin (2011, 2012) in the
left panels, and the flare event in the right panels of Fig. 6. The kinematic model
(Fig. 6a—d) shows that the counter-rotational flows are centered on the spine and the
change of connectivity resulting from the reconnection process therefore takes the
form of a rotational slippage (Pontin et al. 2004; Wyper and Jain 2011). For com-
parison with solar flares, we should bend such a fan surface down toward the surface
to form the CR (Fig. 1), and compare the rotation of the red/blue tubes in the left
panels with the brightness propagating along a CR in the right panels.

Shown in Fig. 6e is one such event of slipping motion along CRs (Lim et al.
2017). The large CR indeed exhibits a slippage motion predicted by the theoreti-
cal kinematic model. Although the moving brightness along CRs is visually obvi-
ous but not necessarily suitable for quantitatively measure. The event shown here
is a particularly large CR centered in NOAA AR 12371 and partially bounded by a
large coronal hole (surrounding darker emission), which makes the rotation slippage
prominent. Authors themselves called this CR the secondary circular ribbon because
it is so large. They regard the ribbons in the center of the active region as primary.
Such a complexity is not uncommon in the sun. Even a double CRF, namely, a CRF
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Fig.6 Torsional spine reconnection. In the theoretical model (a—d), flux tubes traced from four ideal
comoving footpoints come into a localized diffusion region (gray surface) around the null point and
rotate in the plane perpendicular to the spine (Source: Pontin 2011). In an observational example, the
2015-06-21 flare from NOAA AR 1237 (e, f), such a rotational motion in the fan appears as a slippage
motion along a CR. The closed field lines (white) and open field lines (green) obtained from the PFSS
model are overplotted on AIA 304 A image (e). The local intensity maxima (green line) in the time-
distance map (f) is used to estimate the ribbon speed, 161 km s~. Source: Lim et al. (2017)

emerges within another larger CR has been reported (Li et al. 2018a; Hou et al.
2019). A nested structure of either CR or PR often appears in the sun.

Figure 6e also shows selected magnetic field lines overplotted on the AIA 304
A image. The field lies are calculated using the the potential-field source-surface
(PFSS) model (Schatten et al. 1969; Altschuler and Newkirk 1969), which is more
suitable for large-scale magnetic structure as in this case. The boundary between the
closed field lines (white) and the open field lines (green) corresponds to where the
fan surface is attached to the photosphere and also to the location of the CR. Lim
et al. (2017) divided the large CR into many smaller sections and examined the local
lightcurves of EUV emission within each section to collect the maximum intensity
time in each local lightcurve. The collection of the local intensities in the sections
is plotted in Fig. 6f along with the time when the location of intensity maximum
is read. These are overplotted in green over the time-distance map. A linear fit to
the intensity-peak-time gives 161 km s~!, which corresponds to the speed of suc-
cessive brightenings in the clockwise direction starting from the nearest position to
the flaring sunspots. This CRF also shows the radial contraction and expansion in
the northern and the southern part, respectively, but at speeds of <10 km s~!, much
lower than the rotational slipping motion.
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4.2 Null current parallel to fan surface

We often see an expanding motion of CR in CRFs in addition to the slipping motion
along CR as the flare proceeds. We tend to regard this motion as analogous to two-
ribbon separation motion in PRFs. However, the IR also expands or moves in position,
which is not readily understandable with the 2D picture (Fig. 2). We rather argue that
the rapid evolution of the IR provides the rotational motion of the inner spine to cause
current to build up over the fan surface. The closest mode to this case is the 3D null
reconnection with the current directed parallel to the fan surface, as shown in Fig. 7a—c.
Reconnection in the presence of null current parallel to the fan is known to resemble
the 2D reconnection, in that the magnetic flux is transported across the separatrix sur-
face in the ideal region (Pontin 2011).

Figure 7d—g shows a CRF at early (Fig. 7d, f) and late (Fig. 7e, g) times. Using
the NLFFF model, one can show that the CR, or equivalently, the open—closed field
boundary, expands with time (Lee et al. 2016b, a). IR has a finite length and width,
which already implies the presence of QSL in the corona (note that IR is a topologi-
cally special element). In order to trace the IRs, we plot the negative 304 A images to
emphasize the ribbons at the two stages: 02:59 UT and 04:05 UT. The green contours

T T
02:59:08

Y-position (arcseconds)

-20 0 20 40 80 100 120 -20 0 20 40 60 80 100 120
X-position (arcseconds) X-position (arcseconds)

Y (arcseconds)

180 190 200 210 220 230 240 180 190 200 210 220 230 240
X (arcseconds) X (arcseconds)

Fig. 7 Torsional fan reconnection. In the theoretical model (a—c), two flux tubes come into a localized
diffusion region (gray surface) around the null, reconnect to each other, and expand (transparent sur-
faces) after passing through the diffusion region. (Source: Pontin 2011). In an observational example, the
2012-03-27 flare (d—g), such a connectivity change appears as evolutionary expansion of both IR and CR
shown as the DFTV (green contours) on the negative 304 A images (d, e). Perspective views of selective
field lines extrapolated from the common locations of IR are plotted on the SDO/HMI magnetograms,
along with the CR boundary (white dashed lines) (f, g). Source: Lee et al. (2016b)
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represent so-called differential flux tube volume (DFTV), which is a measure for how
rapidly field lines are locally squashed (Biichner 2006). This quantity was calculated
using the NLFFF model by Wiegelmann (2004) from the HMI magnetogram at the
nearest times. In Fig. 7d, the inner ribbon, R2, moves northward to approach another
inner ribbon, R4. Both R2 and R4 do not match the high DFTV region in position,
which implies that they are not directly connected to the QSL at this time. In Fig. 7e,
R2 merges with R4 at the location of the enhanced DFTV region (green contours),
after which the ribbons can no longer move north-south, and instead evolve along a
more complicated path extending to east—west. The path of this inner ribbon can be
regarded as one piece of evidence for the 3D null-point reconnection with the fanward
current. The IR expands like the outer ribbons, which has no analogy to the PR motion
(Sect. 2).

In the meantime, the outer ribbons, R1-R3-R7, that define the open-closed field
boundary significantly advanced in location, implying that the overall fan-dome struc-
ture expanded in size and changed its shape overall. Such an idea is supported by the
field extrapolation result shown in Fig. 7f, g. The selective field lines are extrapolated
from the common locations around the DFTV of two HMI vector magnetograms at
times corresponding to Fig. 7d, e. The fan-dome structure is indeed enlarged in
response to the complex evolution of IR. As aforementioned (Sect. 2 and Fig. 2) the
expansion of CR itself is analogous to the separation of PRs. However, the standard
2D model cannot explain why IR also expands instead of shrinking itself, for which we
need the 3D kinematic model with the currents spread over the fan (Fig. 7a—c).

4.3 Torsional null-point reconnection

The above two processes occur in response to the driving torque supplied either by
CR (resulting in torsional spine reconnection) or by IR (torsional fan reconnection).
When both drivers work together, a current layer may form at the null by a local col-
lapse of both the spine and fan field toward each other, spanning both of them, as
depicted in Pontin (2012). The disturbances propagate toward the symmetric 3D null
points like Alfvén waves, analogous those in 2D X-point reconnection (McLaugh-
lin et al. 2011). Under the hyperbolic geometry of the magnetic field, the current
is intensified until the length scales perpendicular to the spine or fan become short
enough to make diffusion important. This self-focusing process consists of rotations
and shearing to further increase the degrees of freedom in the system.

Observational detection of the torsional null-point reconnection will be more dif-
ficult than the above two cases, because the twisting motion of magnetic field is
confined to a smaller coronal region. It is that the current intensifies as the length
scales perpendicular to the spine or fan become shorter until the diffusion becomes
important. Few radiative emissions, other than microwaves produced by synchrotron
radiation, are sensitive to both the strength and orientation of the coronal magnetic
field (Lee et al. 1998, 2020b; Lee 2007). Another technical difficulty is that EUV
intensities in an intense flaring region are often saturated at observation, making it
hard to detect subtle oscillations near spines. Fortunately, currently available micro-
wave instruments show little saturation even in the flare core region.
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Lee et al. (2020b) and Lee (2022) presented, for the first time, a detailed micro-
wave observation of the CRF, SOL2014-12-17T04:51, expecting that any oscilla-
tory behaviors in the microwave time profiles should evidence torsional reconnec-
tion if present. The target active region has a clear dome-shaped structure in EUV
images (Fig. 8b) and quasi-periodic pulsations (QPPs) during this flare have been
already studied by Chen et al. (2019) in many wavelengths. Some of their results are
plotted in the right hand side of Fig. 8. Lee et al. (2020b) set four local regions on
the inverted microwave map (Fig. 8a), and constructed the spatially revolved light-
curves in total intensity (Fig. 8c) and polarized intensity (Fig. 8d) separately. The
time profiles indeed show quasi-periodic peaks, which vary with location (Fig. 8a)
and polarization states (Fig. 8c, d). Initially the oscillation of total intensity was
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Fig. 8 An observational example of torsional null-point reconnection. The SOL2014-12-17T04:51 flare
from NOAA AR 2242 is shown as an inverted NoRH 17 GHz map (a) and AIA 94 A intensity map over
the HMI magnetogram (b). Local lightcurves of total (¢) and polarized (d) intensities calculated from the
four local regions, A-D, marked in (a) show multiple peaks indicated by the vertical arrows. Source: Lee
et al. (2020b)
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more obvious and located in the outskirt of the active region. On and after the flare,
the oscillation of the polarized intensity dominates in the location close to the IR
and thus the spine, consistent with the theoretical finding that the rotational motions
around the null are analogous to the Alfvén waves propagating toward 2D X-points
(McLaughlin et al. 2011). This thus gives a potential piece of evidence for the tor-
sional null-point reconnection around the 3D null.

The quasi-periods may provide another piece of information on the torsional
mode of reconnection. The microwave time profiles show the quasi-periods about
1-2 min (Lee et al. 2020b), whereas analysis of the EUV and UV data gives 34
min in the outskirts of the active region (Chen et al. 2019). It is likely that the rela-
tive longer periods in the outskirts of the active region near CR would belong to the
torsional fan oscillation and the shorter period found close to IR, to the torsional
spine reconnection. In that case, they would represent shearing motion and rota-
tional motion of the magnetic field, respectively. The positional shift of the dominant
oscillation from the CR toward the IR found in Lee et al. (2020b) and Lee (2022) is
also reminiscent of the torsional waves moving toward the null from an ideal region
(Rickard and Titov 1996; Pontin and Galsgaard 2007) and also those propagating
along the outer spine after reconnection (Wyper et al. 2017). This finding of oscilla-
tory microwave peaks in the core of the CRF should provide an important clue to the
torsional null reconnection theory, because no other observational tools are available
to detect such changes associated with rotation and shearing of magnetic field at this
scale and location.

4.4 Spine-fan reconnection

Spine-fan reconnection mode may be a more common type of reconnection occur-
ing in a spine-fan structure. First of all, the magnetic structure is most suitable for
hosting the spine-fan reconnection. Second, although spine-fan reconnection also
requires a driving force for initiation, the driver may not necessarily be an organized
rotational driving motion needed for the torsional reconnection modes as discussed
above. In Sect. 3.2.3 we have discussed a few properties of fan-spine reconnection
to some degree of approximation. In more detail, however, the spine-fan reconnec-
tion would occur within a current sheet localized in all 3D around the null, and the
current sheet is formed by a local collapse of the fan and the spine field when a
shear disturbance of either the spine or the fan occurs (Pontin and Galsgaard 2007;
Galsgaard and Pontin 2011). Here we focus on such asymmetric current distribution
which is missing in our formulation.

Figure 9 reproduces a result of the resistive MHD simulation for spine-fan recon-
nection performed by Pontin et al. (2013) and Ha observations of a CRF (Wang and
Liu 2012) for a comparison. In the simulation, a bipole magnetic field is set with an
embedded parasitic polarity and a coronal null point above it, and the system evolves
as a result of imposing a surface motion toward the parasitic polarity. From top to
bottom of Fig. 9a, we can see that a current front forms and propagates upward and
focuses on the separatrix surface around the null point, and then dissipates out after
the driving ceases. We draw attention to the current layer that is more inflated in one
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Fig.9 Spine-fan reconnection, MHD simulation vs. observation. a From top to bottom, the frames show
the magnetic field (arrows) and current density (shading) evolving with time in the x—z plane. Source:
Pontin et al. 2013. b Ha-0.6 A images of the 1991-March-17 flare are shown with the motions of the
central ribbon (k1) and the outer CR (k2) marked by red arrows. PS stands for the preflare surge. Source:
Wang and Liu 2012

side than in the other. This thickness variation, when projected on the surface, mani-
fests itself as ribbon contraction on one side and expansion on the other. In terms of
position, the footpoint locations of field lines initially lying under the dome end up
outside the dome after the reconnection and those beginning outside the dome end
up inside the CR.

Figure 9b displays an event among the very first reported CRFs seen in the Ha
line (Wang and Liu 2012). We suggest the spine-fan reconnection for this event
because the CR grows asymmetrically to be thicker on the right hand side and thin-
ner on the other side. Authors emphasized the asymmetric kernel motions too. The
kernel, k1, first moves northeastward at ~ 40 km s~', and k2 shows a sequential
brightening in the clockwise direction at ~ 100 km s~'. Such an asymmetric CR
motion is seen in virtually all six CRFs that they studied. There can be many reasons
as to why the whole CR ribbon may not brighten up simultaneously. Either non-
uniformity of field at photosphere around CR or preferential acceleration of particles
in certain directions in a fan-spine configuration (e.g. Baumann et al. 2013; Pallister
et al. 2021). It has been demonstrated that the dimensions of the diffusion region and
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reconnection rate are strongly dependent on the degree of symmetry of the initial
null point field (Al-Hachami and Pontin 2010). While it is challenging to check the
asymmetric kernel dynamics against all these possibilities, (Wang and Liu 2012)
simply calculated a flux transfer rate from the difference of ribbon fluxs before and
after the flare as high as ® ~ 6 — 20 x 10'® Mx - s~!, which is largely determined by
the relative areal change of the ribbons and their asymmetric motions.

We present another example for spine-fan reconnection in Fig. 10a, b together
with a schematic illustration in Fig. 10c, which may be more obvious from a mac-
roscopic viewpoint. In contrast to the above case where a slow surface flow drives
the current to build up in the separatrix, the sun may provide an external macro-
scopic driver. It is rather common that filaments reside elsewhere, either inside or
outside the circular dome. A filament unstable to any ideal MHD instability may
erupt to perturb the overlying fan-spine structure. In our proposition, interaction of
flux ropes residing near both the fan and spine may also incur the spine-fan recon-
nection. In this line, Browning et al. (2008) and Hood et al. (2009) have studied the
formation of current layers and subsequent energy release following the onset of the
kink instability in a straight, line-tied flux tube in resistive MHD simulations. In
addition, numerical modeling of the loss of stability of curved flux ropes, to either
the kink (Kliem et al. 2004) or torus (Kliem and Torok 2006) instability, has impli-
cated reconnection at a current sheet in a QSL beneath the flux rope as facilitating
the subsequent eruption.

Fig. 10 Another example for spine-fan reconnection. The left panels show the NLFFF lines at 04:07:54
UT before the SOL2014-12-17T04:51 flare in the top-down view (a) and in a 3D perspective view (b).
The field lines colored according to the twist number show three flux ropes distinguished by different
color tables for their twist numbers. Source: Liu et al. 2019. The right panel shows a theoretical idea pre-
sented with magnetic field lines (black and gray lines), a current density isosurface (shaded surface), the
current flow (gray arrows), and driving plasma (black arrows). Source: Pontin 2011
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In Fig. 10a, b three flux ropes are interacting around the fan surface. The longest
one denoted as FR3 actually runs close to outer spine connecting the active region
flux to the outer ribbon. FR2 mostly runs along the fan. FR1 is a small filament that
grows within the fan. FR2 and FR3 have magnetic twist in the opposite sense (repre-
sented by the blue/red colors), and are more vulnerable to reconnection. In view of
the flaring timeline presented by this work (Liu et al. 2019), FR1 erupted either due
to its instability or to emerging flux from below. The eruption of FR1 subsequently
triggered the reconnection between FR2 and FR3, which resembles the spine-fan
reconnection depicted in Fig. 10c. We believe that this type of reconnection resem-
bling the spine-fan reconnection can be viewed as a loop-loop interaction which is
common in solar flares.

4.5 Hybrid nature of CRFs

In some CRFs, an eruptive filament is embedded along the PIL under the fan dome.
When it erupts it should affect the null point on its way out. Whether the null point
reconnection leads to the filament eruption (Sun et al. 2013) or the erupting fila-
ment presses on the null point to trigger the reconnection is not known (Jiang et al.
2014; Zhang et al. 2015; Joshi et al. 2015). If the filament successfully erupts, it
may leave a pair of PRs, and as a consequence, we will see PR and CR coexisting
together. This hybrid nature has been reported in many papers, since the start of the
CREF study (Masson et al. 2009, 2017; Wang and Liu 2012; Sun et al. 2013). All of
these papers presented an illustrative picture like the one reproduced in Fig. 11. The
events shown in Figs. 12, 13 may also belong to this category. Although this phe-
nomenon is not exactly in any of the above categories, it certainly deserves attention
how the filament eruption affects the subsequent evolution of the fan-spine system.

Remote brightening Circular ribbons

Fig. 11 Skeleton representation of a typical CRF based on the NLFFF model. a Four flux patches, P1/
N1 and P2/N2, at the lower boundary are shown along with a null point above N1, a flux rope (pink), the
spine (red) and the fan (yellow). b A squashing factor map on a xy plane shows the QSL footprint. ¢ 2D
representation of the system illustrates possible slippage within the fan QSL (yellow) and breakout-type
reconnection (inset) round the null. Source: Sun et al. 2013
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Fig. 12 A hybrid structure in two flares, F4 (a—c) and F5 (d—f). The QSLs calculated from the NLFFF
are rendered as transparent surfaces scaled according to log Q. The two sets of field lines: the magnetic
flux rope (yellow lines) and field lines within the dome-like QSL (green lines) are plotted over the SDO/
HMI magnetogram (a, b) and the SDO/AIA 1600 A image (c) at different viewing angles. The same for
(d—f). Source: Zhong et al. (2019)

Sun et al. (2013) presented a complete topological picture of a CRF in their
study of hot coronal loops connecting a circular chromospheric ribbon and a remote
brightening in the 2011-11-15 flare, and found that these loops partly trace the
evolving spine field line. Mandrini et al. (2014) analyzed activities and brightenings
closely associated with the confined 2010 November 11 C4.7 circular-ribbon flare,
and suggested that only a complete topological analysis including QSLs can explain
the flare ribbon locations. Indeed, overlap between flare ribbons and QSLs from
NLFFF models have been reported in circular-ribbon flares (Janvier et al. 2016;
Jiang et al. 2016) and also the more standard two-ribbon flares (Janvier et al. 2016;
Zhang et al. 2015; Liu et al. 2014).

An interesting aspect of hybrid CRFs is that an erupting filament can also trigger
current sheet formation and 3D reconnection as an external driver with nulls pre-
sent or absent. This is reminiscent of the non-null reconnection mode (Pontin 2011,
2012) where FR plays a role in triggering the formation of a current sheet. Such fila-
ment eruption within the closed fan may occur under ideal MHD instabilities, e.g.
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Fig. 13 Coexistent PRs and CRs at three times during the SOL2014-12-17T04:51 flare. The AIA 304
A intensities rendered transparent over the HMI longitudinal magnetograms (a—c) show the entire CR
evolution through the flare. Zoomed-in views (white box) of the 1600 A intensity (contours) over the 304
A images (d—f) show the evolution of the northern CR (NCR) and two PRs (FR1 and FR2). NCR in the
preflare phase (d) is annihilated leaving a dimming region (e, f). Source: Lee et al. (2020a)

kink and torus instabilities (Lee et al. 2016a; Li et al. 2018b; Liu et al. 2019; Mishra
et al. 2021; Howson et al. 2021). Not only the resistive reconnection but the ideal
MHD instabilities should therefore be integrated into the 3D null reconnection in a
fan-spine structure.

4.6 Transformation of 3D to 2D reconnection

Once a solar filament is admitted as an indispensable element to the mechanism
of solar 3D reconnection, we may ask to ourselves what is the consequence of the
eruption staring from inside of a closed fan surface. This question did not arise in
the 2D standard model because such a filament lies above the X-point (see Fig. 3g)
and its eruption needs not destroy the X-point underneath. The eruption may induce
or enhance the X-point reconnection or create a current sheet behind itself, but it
can otherwise proceed freely along the open field. The upward motion of the fila-
ment naturally maintains the X-point configuration forming the so-called standard
model for solar eruptive flares. On the other hand, CRFs have a confined structure,
a filament starting inside the closed fan will need to break out the fan-spine struc-
ture causing more complicated structural changes. A possible consequence of the
break-out eruption is that 3D null reconnection is followed by the two quasi-parallel
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ribbons forming behind the erupting flux rope, and thus by 2D reconnection (Zhong
et al. 2019; Joshi et al. 2021; Lee et al. 2017, 2018, 2020a, b). Slipping motion of
the substructures preceding major eruption (Li et al. 2018) may also be considered
in this category.

Zhong et al. (2019) proposed a transformation of topological structure from that
of one CR to three PRs during multiple flares based on Ha and ultraviolet images
along with the NLFFF models. At first, sheared arcades under the dome-shaped fan
surface develop into a flux rope through magnetic reconnection to produce a CRF.
Subsequently, the flux rope bifurcated to form the three PRs. They identified the
bifurcation of the flux rope as the main factor for the transition from CRF to PRFs.
Figure 12 shows snapshots from the model constructed by Zhong et al. (2019) show-
ing the transition from CRF to a set of PRFs. The QSLs calculated from the NLFFF
are visualized as the transparent layers colored according to the squashing factor
ranging form green (log Q = 2.0) to red (log Q = 4.4). The maps of log Q distri-
bution show a large dome-shaped QSL induced by the quadrupolar-like magnetic
field, and a torus QSL surrounding the flux rope. The yellow field lines represent
the bifurcated portion of the magnetic flux rope and the green lines lie within the
large-scale QSL. It is claimed that due to the existence of the magnetic flux rope, the
semicircular-shaped negative polarity is separated into two parts.

Lee et al. (2020a) present another case of subtle change of a CR associated with
formation of PRs out of a CR. Figure 13 shows the CRF, SOL2014-12-17T04:51,
in the 304 A image over the HMI longitudinal magnetograms (top panels) and the
1600 A intensity over the 304 A images at three times from preflare to postflare. The
CR in the south (13a) is narrow and becomes wider with time (13b, ¢). The CR in
the north (NCR) is initially very faint (13a), but maximally expanded northward in
the flare maximum (13b). In the late phase (13c), another PR (FR2) seemingly con-
jugate to FR1 appears in the south of the previous location of NCR. During the flare,
FR2 approaches NCR, and later NCR disappears and only FR2 is left (13e). The
area between NCR and FR2 on the 304 A images is now dim, which implies that
the closed fan fields rooted between NCR and FR2 open up and are consequently
disconnected from the active reconnection site. In effect, FR2 merged with the new
NCR, and the old fan surface in the dimming region is annihilated and a new fan
surface formed in a reduced size.

The above-demonstrated transformation of CRF to PRF brings up a couple of
questions: is there a counter example, i.e transformation of PRs to CRs? If not, PRF
would be the ultimate mechanism for solar eruption and the fan-spine structure suit-
able for CRFs may be so fragile as not to allow multiple episodes of reconnection
or eruption. There can, of course, be cases where a filament inside the dome-shaped
fan erupts, but fails to break out, at least initially. Wang and Liu (2012) showed that
homologous jets from CRFs are possible. Li et al. (2019) studied two types of con-
fined flares, which demonstrates that such a failed eruption may occur depending
on the instability condition for filaments and the nonpotentiality of the field around.
Alternative explanation for the partial brightening of a CR ribbon includes non-uni-
formity of magnetic field along the CR and preferential acceleration of particles in
certain directions in such a configuration (e.g., Baumann et al. 2013; Pallister et al.
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2021). These works highlight the complexity of triggering reconnection in solar 3D
fan-spine structure.

5 Magnetic reconnection in arcade structure

Ever since the first quantitative model of magnetic reconnection was presented by
Sweet (1958) and Parker (1957) and later by Petschek (1964) , physics of recon-
nection has been studied in 2D geometry with the main focus on the dimensionless
reconnection rate (Sect. 3.4). Solar flares often occur in a magnetic arcade structure,
which can be approximated to a 2D structure across the arcade axis, by which many
observational properties of PRFs could be explained. This established the standard
model for solar eruptive flares, also known as the CSHKP model (Aulanier et al.
2012). Strictly speaking, the projection of the coronal 2D structure on the photo-
sphere should appear as 1D structure, and the reconnection rate given by a ribbon
speed and local magnetic field (Table 1) has served as a main observable quantity.
On the contrary, solar flare ribbons exhibit variability of brightness and speed along
the ribbon length and their finite area often contains many fine structures, which
are not directly compatible with the 2D X-point reconnection model. These anoma-
lies suggest new challenges still remaining in the 2D standard framework. Solar 2D
magnetic reconnection forms a huge area of research. Instead of an extensive review,
we thus focus on selective issues of 2D reconnection that may shed light into the
effect of dimensionality on reconnection physics.

5.1 Discrete ribbon motionin 1D

The reconnecting current sheet may undergo fast variation in time and space. We
thus need both high spatial resolution and high time resolution to explore such phys-
ics which is otherwise smoothed out in detection. In practice, a higher resolution
brings up more complex morphology, and a higher time cadence temporal overlaps
in ribbon areas. Both issues make it hard to define ribbon dynamics. In order to
overcome these conflicting requirements we may want to decompose an irregularly
shaped ribbon into a total area and a center-of-mass position, which enables defining
the fine-scale 1-D motion. This effectively reduces the ribbon dynamics from 2D to
1D so that we can focus on the original 2D reconnection physics.

Lee et al. (2006) carried out such an analysis to get the results shown in Fig. 14.
They used an extremely fast Ha camera available in Big Bear Solar Observatory
(BBSO) to determine the center-of-mass location of the flare kernel in a moderate
flare. They marked, over a Michelson Doppler Imager (MDI) magnetogram (gray-
scale), the center-of-mass locations with colored dots (Fig. 14a). The time-stamped
point distribution already suggests that the ribbon motion is not uniform but rather
stepwise. Note that the individual flare ribbon area is much wider than the concen-
tration of the points and also has an irregular shape each time. The time-stamped
point distribution concentrated within a narrow region signifies that the ribbon is
more or less stationary in that region; gaps between groups of concentrated points
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Fig. 14 Discrete 1D motion of a PR for 2D reconnection during the 2002 September 9 flare. a Location
of the Ha blue-wing ribbon center (colored dots) overlaid on the MDI magnetogram (gray scale). b 1D
distance of the ribbon as a function of time showing stepwise increase at the four time intervals marked
with red guide lines along with the inferred speeds. ¢ Observed reconnection parameters: local magnetic
field strength, ribbon velocity, and area. d Derived reconnection parameters: electric field, flux recon-
nection rate, and energy release rate. The gray histogram in each panel shows the RHESSI count rate at
25-50 keV for comparison with the discrete reconnection. Source: Lee et al. 2006

correspond to the locations where the ribbon speeds up at the enhanced magnetic
reconnection rate.

The stepwise motion of the ribbon is more clearly seen in Fig. 14b where the
location of the ribbon (cross symbols) is shown as a function of time together with
the solid guide lines showing the speed determined at selected time intervals. The
first stepwise motion, for instance, occurs around ~ 17:43:30 UT at which time the
ribbon is advancing about ~ 5" in ~20 s achieving the speed ~ 160 km s~' (see
the solid guide lines indicating the speed). Other stepwise motions also incur high
velocities ranging 60—220 km s~', which are much higher than the typically reported
ribbon velocity, a few tens of km s~' (Jing et al. 2007). In order to check why such
an enormously different result is obtained in the present case, we made another fit
to the average motion over the whole period of the flare activity. If we count the
distance after 17:43:30 UT, the total distance traveled is ~ 10" in ~7 min, and the
overall speed is only ~18 km s~' (shown by the thick guide line marked as ), in
agreement with the above-mentioned typical speed.
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Use of such data of ribbon area and 1D speed together with local magnetic field
allowed them to determine various quantities shown in Fig. 14c, d. The observed
parameters of the 2D magnetic reconnection: local magnetic field strength, ribbon
velocity, and area are shown in Fig. 14c, and the derived parameters of the 2D mag-
netic reconnection: electric field, flux reconnection rate [Eq. (4)], and energy con-
version rate [Eq. (8)] are shown in Fig. 14d. The derived quantities also show the
stepwise variation like the ribbon motion (Fig. 14b) and coincide with the multi-
ple peaks of 25-50 keV hard X-rays observed with the Ramaty High-Energy Solar
Spectroscopic Imager (RHESSI) shown as a gray filled histogram in each panel.
Since the hard X-ray flux is an independent measure for the energy release, the
derived quantities represent an episodic variation of the magnetic reconnection and
energy conversion rates.

Therefore reducing the dimension of the dynamics from 2D to 1D using the
center of mass representation of the ribbons allowed us to focus on the fine time
structure of the 2D X-point reconnection more clearly. In view of the contrasting
temporal variations of magnetic field and that of ribbon speed shown in Fig. 14c, it
is not the local field strength but the ribbon motion that indicates the discrete recon-
nection rate in the corona. In the interpretation of Lee et al. (2006), the stepwise
variation of the ribbon motion should represent a pulsating current sheet as a self-
organizing process of the current and its area. A supporting theoretical model was
independently presented by Kliem et al. (2000).

5.2 Structure along ribbon axis as 2D process

The 2D X-point model can accommodate some of the nonuniform structures along
the ribbon axis and each X-point lined up along a ribbon is treated independent of
each other. Asai et al. (2004) provided an explanation of the puzzle as to why hard
X-ray sources appear in isolated concentrations whereas Ha ribbons in a continu-
ous distribution. Their argument is based on the Petschek model (Petschek 1964) in
which the dimensionless reconnection rate, M, is insensitive to the local magnetic
field. In this case, the inflow, v;, should be proportional to the field strength to cancel
out the dependence of the reconnection outflow, the Alfvén speed, on the magnetic
field. The energy conversion rate [Eq. (5)] is then as sensitive to the magnetic field
as ~ B3. In this case the limited sensitivity of hard X-ray instruments can make the
hard X-ray sources mainly appear in strong field regions, which explains why rib-
bons are seen in Ha but not in hard X-rays.

This idea motivated a few follow-up studies to check discrete hard X-ray sources
against continuous Ha ribbons in position, motion, and brightness (Jing et al. 2007,
Lee and Gary 2008). They were able to demonstrate that the spatial distribution of
the hard X-ray intensity can be explicable if local field strength variation along the
ribbon front is incorporated into the calculation of the reconnection rate and energy
conversion rate [Egs. (4, 8)]. Such result implies that some variability along Ha rib-
bons can be understood in terms of an inhomogeneous set of 2D X-point configura-
tion, but is insufficient to fully resolve the puzzle as to why hard X-ray sources never
appear in a distribution as continuous as Ha flare ribbons.
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Fig. 15 Unusual hard X-ray ribbons. Time sequence of RHESSI hard X-ray images during the 2005-05-

13 flare reconstructed with 5.9"” arcsec FWHM resolution. a—e show 25-50 keV maps with the peak flux

labeled in each panel and the green contours at levels of 0.1, 0.115, and 0.13 photons cm™2 s~! arcsec™2.

f shows 6-12 keV map and yellow contours at levels of 50%, 70%, and 90% of its maximum flux. The
white contours outline the TRACE 1600 A ribbons taken at the middle of each RHESSI time interval.
Source: Liu et al. (2007)

Liu et al. (2007), for the first time, demonstrated that even hard X-ray sources
may appear in the form of ribbons depending on the amount of energy released via
reconnection. Figure 15 shows rather unique images of unusual ribbon-like hard
X-rays at energies as high as 25-100 keV, which show the apparent inconsistency
between hard X-ray and Ha morphology was simply due to the finite sensitivity limit
of hard X-ray instruments and faint X-ray emission between the regions of intense
concentration of energy deposition is not detected unlike Ha emissions. Liu et al.
(2008) further investigated the local HXR spectrum determined using the hard X-ray
imaging spectroscopy to find an anticorrelation between the HXR spectral index and
the local electric field along the ribbon, which suggests nonthermal electron accel-
eration by the electric field during flares. Both studies therefore reached the same
conclusion that the 3D reconnection structure in some cases can be approximated by
a stack of 2D standard reconnection models along the ribbon.

With improvements in spatial resolution, time cadence, and sensitivity, detailed
structure of flare ribbons has been a target of active research. Jing et al. (2016) used
exceptionally high resolution Ha images from the Visible Imaging Spectrometer
installed at the Goode Solar Telescope (GST, Goode and Cao 2012) in BBSO to
measure the fine structures (below 500 km) of flares, which may reflect the complex
structure of the reconnecting current sheet. French et al. (2021) analyzed the high-
cadence (1.7 s) data of the Interface Region Imaging Spectrograph (IRIS) slit Jaw
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Imager to probe for the growth and evolution of key spatial scales along the flare
ribbons. Combining analyses of spatial scale growth with Si iv nonthermal veloci-
ties, they provided evidence of the tearing mode instability triggering a cascade and
inverse cascade toward a power spectrum consistent with plasma turbulence. Naus
et al. (2022) reported spatio-temporal evolution of EUV ribbons and hard X-rays in
a solar flare in which the reconnecting coronal current sheets, although highly struc-
tured, remain quasi-two-dimensional. The magnetic energy release associated with
them occurs systematically, rather than stochastically, thus validating the applicabil-
ity of the standard 2D model to a wider range of solar flare reconnection.

5.3 Structure along ribbon as 3D process

There are other cases of PRFs, which look like 2D reconnection but should be
understood as 3D reconnection. Grigis and Benz (2005) reported the RHESSI
observations that exhibit continuous motions of double hard X-ray sources which
can be regarded as footpoints of magnetic loops. It, however, moves parallel to the
PIL, as opposed to the standard model. Qiu et al. (2002) also found a parallel motion
along Ha ribbons, which barely correlates with hard X-ray lightcurves. Although
such flare kernel motions parallel to the ribbons had often been considered as irrel-
evant to the reconnection process, a better understanding of this issue was gathered
by several MHD simulations designed for a 3D extension of the standard model.
They were able to demonstrate that the strong-to-weak shear transition (Aulanier
et al. 2012, 2013) and slip-running reconnection (Janvier et al. 2013) can occur dur-
ing solar flares. In this case, the parallel motion results from a reconnection-driven
transfer of the differential magnetic shear, and can be addressed by including a time-
dependent guide field to the 2D magnetic arcade structure.

By reanalysing the high-resolution He data of Jing et al. (2016), Cannon et al.
(2022) found a new phenomenon of sudden acceleration of the ribbon motion
around a light bridge. Light bridges are substructures in sunspots that are known to
possess different magnetic structures from the other parts of the active region (e.g.,
Toriumi et al. 2015). In their observation shown in Fig. 16a, an Ha ribbon moves
to the left, and the ribbon front in the location of the light bridge runs ahead of
the other part of the ribbon, as indicated by the white arrow. Figure 16b shows a
zoomed-in view of the region where the enhanced ribbon speeds (10-20 km s™')
are found around the light bridge (blue arrows) and the ribbon front (green line)
is approximately parallel to the PIL. The RHESSI observation shows a single hard
X-ray source in 50-100 keV located near the region of the enhanced ribbon motion.
An NLFFF model reveals that the field lines stemming from a light bridge are con-
nected to a remote region separated from the regions connected to other part of the
ribbon. Such a rapid connectivity change may enhance the local reconnection rate
and accelerate the ribbon motion around the light bridge. It also suggests that the
reconnection inflow at the point would be directed to a different angle implying
locally nonzero E - B in that location. This is a piece of evidence for a large-scale
solar 3D reconnection, which prompts an MHD modeling capable of accommodat-
ing a complex coronal field for 3D reconnection.
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5.4 Fine structures within ribbons

Solar flare ribbons often exhibit fine structures consisting of multiple kernels and
discrete brightness along with their complex structure and temporal variation. The
discrete nature of ribbons in hard X-rays were pointed out by Asai et al. (2002,
2004) and Krucker et al. (2003). The randomly orientated motion of isolated bright-
ness within PRs is clearly visible in groups of UV footpoints on TRACE images
moving as the flare progresses (Fletcher et al. 2004). When viewed in high-resolu-
tion high-cadence Ha images and animation (Jing et al. 2016), it is common to see
significant fine structure in the form of wave-like perturbations and hooks. A clear
counterclockwise hook motion is visible when the ribbon front exits the light bridge
(Fig. 16). These features are not predicted by the simplified 2D model, but might be
reproduced by imposing microturbulence around the X-line or the reconnection cur-
rent sheet.

Brannon et al. (2015) analyzed bright knots and wavelike perturbations in a sec-
tion of flare ribbon. Aside from wavelike perturbations, spirals are also occasionally
observed in flare ribbons. Dudik et al. (2016) studied this event in detail (see also,
e.g., Cheng et al. 2015; Li and Zhang 2015; Zhao et al. 2016; Li et al. 2018c) and
noted that the hook especially continually evolved wriggled with similar spiral struc-
tures. In some studies, these spiral structures are attributed to the Kelvin-Helmholtz
instability (Ofman and Thompson 2011), and in later studies these are regarded as
a signature of flux rope formation within the current layer. These motions seem to
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Fig. 16 Fine structure of a solar flare ribbon revealed by the 1.6 m GST in BBSO. a The VIS Ha+1.0 A
image shows the ribbon of the 2015-06-22T18:23 flare in NOAA AR 12371 with a light bridge indicated
by the white arrow. b A zoomed-in view of the image shows the enhanced ribbon speed around the light
bridge (blue arrows) and the ribbon front (green line) approximately parallel to the PIL. The enhanced
speed ranges between 10 and 20 km/s (Courtesy of B. Cannon et al. 2022). A supplementary movie is
available in Jing et al. (2016)
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be associated neither with the direction of the large-scale structure nor a large-scale
QSL associated with 3D null point structure. Parker and Longcope (2017) attempted
to explain these findings based on a quasi-2D tearing analysis involving velocity
shear flows.

More recently, Wyper and Pontin (2021) performed a simulation to verify
whether these small-scale motions within PRs are related to plasma instability in the
reconnection current sheet. They started with an analytical 3D magnetic field repre-
sentative of an erupting flux rope with a flare current sheet below it, and introduced
small-scale flux ropes representative of those formed during a tearing instability in
the current layer. They investigated the squashing factor, O, on the solar surface to
identify the shape of the presumed flare ribbons and fine structure. Figure 17 shows
part of their results: log Q for sinistral (a) and dextral (f) flux ropes. Close-up views
of the spirals in the small green boxes marked in (a) are shown in (b—e). Similarly,
those in the boxes marked in (f) are displayed in (g—j). Some of the close-up views
are presented in the right panels with the aspect ratio adjusted to show the small-
scale structure in more detail. Arrows show the handedness of the hooks and spirals
while the dashed line shows the PIL.

The simulation result shown in Fig. 17 suggests a direct link between the ribbon
fine structure and the micro-physics in the flare current sheet. In this simulation,
the majority of the ribbon fine structure originates from the oblique tearing modes.
Depending upon the size, location, and twist of the small-scale flux ropes, breaking
wavelike and spiral features within the hooks and straight sections of the flare ribbon
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Fig. 17 Simulation results for fine structures in flare ribbons implementing tearing modes in the current
sheet. The squashing factor map on the surface shows the shape of the flare ribbons and fine structure for
sinistral (a) and dextral (f) flux ropes. Close-up views of the spirals within the green boxes in (a) are dis-
played in (b—e), and those in (f) are in (g—j). Arrows show the handedness of the hooks/spirals while the
dashed line shows the PIL. Source: Wyper and Pontin (2021)
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formed. The handedness of the spirals and waves must be the same as the handed-
ness of the hooks of the main ribbon as indicated by the white circular arrows in
Fig. 17a,f. They look qualitatively similar to the afore-mentioned solar flare ribbon
observations. Notably, the anti-clockwise hook motion predicted for the dextral flux
rope is similar to that of the observed Ha ribbon front at the end of the light bridge
during the 2015-06-22T18:23 flare (Fig. 16). It therefore appears that solar flare rib-
bons present not only signatures of the large-scale magnetic variation, but potential
evidence of the fragmented and turbulent nature of the reconnection current sheet.

6 Conclusion

We have discussed the physical nature of solar magnetic reconnection with
emphasis on its dimensionality. In this effort, we have presented, as a guidance,
simplified reconnection rates and energy conversion rates expressed in solar
observables. In due course, dimensionality appears as the key factor. We then
selected and confronted existing pieces of observational evidence with the 3D
kinematic models in the MHD limit. This is complemented by selective topics
in 2D reconnection along with nonstandard 2D behaviors. The main conclusion
is that 3D magnetic structure and 3D reconnection physics are not generally the
same. Although some reconnection processes in a complex 3D geometry can be
decomposed into a combination of 2D reconnection processes, others cannot.
Those involved with the rotational degree of freedom arising around a reconnec-
tion point represent a fully 3D reconnection process. Instead of summarizing each
section, we contrast the issues raised in considering 3D versus 2D reconnection
in solar flares.

1. Not every solar magnetic structure should produce 3D reconnection. For
instance, an unsheared magnetic arcade and a symmetric fan-dome structure
lack the magnetic field component parallel to the reconnection electric field
needed for 3D reconnection. In these cases, 2D reconnection theory could ade-
quately be used, as long as the magnetic field lines are not strongly sheared and
inflow toward the reconnection point lies mostly in the same plane of magnetic
fields.

2. Either a sheared arcade or a torsionally distorted fan dome is suitable for host-
ing 3D reconnection as the nonzero E - B condition is likely to be met. In this
process, a rotational (derotational) motion arises around the reconnection point,
in addition to the translational motion. This may be related to the fact that E - B
is the source for magnetic helicity. Vibrational motions come in any dimension.
Therefore the essential feature of 3D solar reconnection turns out to be the rota-
tional degree of freedom, which is not yet fully cast into analytical formulations.

3. The frequently observed motions of brightness along ribbons have been consid-
ered irrelevant to the reconnection physics. This notion needs to be reconsidered
in view of the slipping reconnection in PRFs (Aulanier et al. 2012; Dudik et al.
2014, 2016) and in CRFs (Masson et al. 2009; Reid et al. 2012). The present
study adds torsional spine reconnection as another possible mechanism for solar
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flares, in which case the parallel ribbon motion is not a secondary effect but the
main driver.

In PRFs, the magnetic flux in one ribbon should match that in the other ribbon.
In CRFs, the CR flux should be twice larger than the IR flux, which applies
to both torsional and spine-fan reconnection. During spine-fan reconnection,
the CR flux change associated with the outward shift from its original position
should match that of the inwardly shifting CR, although both are in the same
polarity.

In CRFs, a relative motion of CR and IR may result in a different orientation of
the current built up around the 3D null point. If a CR rotates and no more flux
is available beyond the CR, the current can develop in the direction of the spine
(N < 1). If the IR rotates and the CR expands, the current develops in the fan
direction (N > 1). Only one nominal direction of current layer is available in
the 2D X-point reconnection, and M < 1 always. We found that N is related to
the amount of magnetic twist.

The 3D null reconnection with current running parallel to the fan is known to
have an analogy with 2D reconnection from the flux transfer viewpoint. How-
ever, even in this case, the analogy fails, because, unlike the expanding CR, the
IR approaches the PIL, a 3D behavior opposite to that of the 2D reconnection.
This distinction originates from the difference between the rotational flux trans-
port around 3D null, and the translational flux transport toward the 2D X-point.
Both torsional waves traveling toward the 3D null and Alfvén waves toward the
2D X-point are hardly observable, but may be detectable through microwave
polarization signatures. They seem to appear in the form of QPP driven by the
rotational or vibrational motions of the line-tied fields, and more commonly
be generated in a more or less symmetrical fan structure. In a system with less
perfect symmetry, the torsional mode associated with currents parallel to either
the spine or the fan tends to occur. Therefore, magnetic structure is the factor
that determines which mode of reconnection is dominant around the 3D null
point.

A couple of analogies between PRF and CRF reconnection are found. One is
between the shear magnetic field component in PRFs and the torsional compo-
nent in CRFs. Another is between CR’s expanding motion and PR’s separating
motion. On the other hand, CR’s contracting motion has no counterpart in PRF,
i.e., approaching ribbon motion, because in the standard 2D X-configuration, the
counter motion occurs in unobservable heights. In this sense, the configuration
for the spine-fan reconnection might be regarded as a highly curved version of
the X-configuration.

Extension of the 2D standard model to a 3D model may pursue two goals. One is
to accommodate the motion along the ribbon axis to address its role in breaking
the symmetry as in the strong-to-weak shear transition around a flare (Aulanier
et al. 2012, 2013). The other is to explore what causes local acceleration of
PRs (Cannon et al. 2022). The former can be addressed by including a time-
dependent guide field, and the latter, by specifying complexity in a largescale
magnetic structure.
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10. Micro-physics introduced in the 2D standard model is essential in explaining
fine structures within PRs. The variability in the PR area as well as its brightness
could be explained in terms of pulsating current sheet under current instabil-
ity. Fine structures in PRs such as wavelike perturbations and spirals could be
explained in terms of tearing mode instability in the flare current sheet. It is
therefore worthwhile to incorporate micro-physics into the 2D standard model
if possible.

For future perspectives, we list several features, which are essential but not fully
included in the present study:

1. How to couple the counter-rotational flow in torsional reconnection to the flux-
transporting flow into the nonideal region is a non-trivial problem in theory
(Hornig & Priest 2003). An empirical approach to determine their relationship
using either solar observations or simulations of torsional Alfvén waves or helical
jets during CRFs is warranted in this regard. As a related topic, we were able to
relate the aspect ratio, N, of the torsionally nonideal region to an external driver,
but size information of the nonideal region itself is needed for better understand-
ing the physics of torsional reconnection.

2. Solar filaments that erupt due to an ideal or resistive MHD instability are likely
to play an indispensable role as an external driver or trigger of the magnetic
reconnection. Whilst such a filament eruption in PRFs naturally conforms to the
2D standard model (Fig. 1g), those in CRFs alter the fan-spine structure to invite
more complicated scenarios of 3D reconnection. For instance, coexisting CRFs
and PRFs may work together to produce a chain reaction of successive flares. Pro-
cesses involving both ideal MHD and resistive MHD, although not full addressed
in this study, certainly deserve further attention.

3. Thermal heating and nonthermal particle acceleration in the reconnection cur-
rent sheet are important topics often developed apart from the MHD simulations.
Lee et al. (2017, 2020a) studied thermal/nonthermal evolution of flares using the
DEM analysis of EUV and X-ray emissions. Early rise of temperature and emis-
sion measure has implications on formation of a hot halo over the fan structure,
and thus preconditioning reconnection and an eruption. Localized reconnection
heating (Longcope et al. 2020) and chromospheric evaporation in CRFs (Zhang
et al. 2016) are also interesting thermal processes that deserve further attention.

4. Microwave diagnostics on CRFs have not been utilized much to date. Nonthermal
activation, a precursor of the breakout eruption, was also found in a microwave
observation, which is too subtle to be detected in other thermal radiations. Map-
ping microwave polarization over a CRF provides a direct piece of magnetic
polarity change around the null point. Quasi-periodic oscillations in microwave
polarization lightcurves may prove the theoretical idea of the torsional null-point
reconnection (Lee et al. 2020b; Lee 2022).

5. Last, but not least, is the finding that the large-scale magnetic connectivity may
affect the local reconnection rate. This behavior is found when flare ribbons
pass through a local region where magnetic connectivity rapidly changes. The
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acceleration of the ribbon front in such regions implies that an increase in the
reconnection rate depends on which coronal X-point is connected to the ribbon
front at a given time. This is difficult to study with small-scale PIC simulations,
but is important for solar physics.

Finally, we comment on the occurrence frequency of CRFs. 3D null reconnec-
tion in solar applications has attracted less attention in spite of its significance in
reconnection theory. One drawback of 3D null reconnection is that CRFs occur
only in a special configuration that is not commonly observed. Certainly, PRFs
are more commonly found than CRFs perhaps due to the large number of bipolar
active regions in the sun. Perfect CRFs may be rare but a fan-spine structure is
found in a wide range of sizes, from small-scale embedded bipolar structures for
small scales (Uritsky et al. 2021) to giant curtain like structures near large active
regions for large scales (Liu et al. 2020). Also a group of active regions adjacent
to a large-scale coronal hole can produce CMEs in a pseudo-streamer structure
(Lim et al. 2017). Squashing factor maps (Titov et al. 2002) typically show many
closed fan-like separatrices at these locations. This may be because many multi-
polarities exist to interact with each other. Their nested structure is potentially
important for larger scale dynamics, which invites future challenges in the issue
of energy conversion and the efficiency of reconnection for application in helio-
physics and space weather.
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