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Abstract

Magnetic reconnection is one of the fundamental dynamical processes in the solar corona.
The method of studying reconnection in active region-scale magnetic fields generally de-
pends on non-local methods (i.e. requiring information across the magnetic field under
study) of magnetic topology, such as separatrix skeletons and quasi-separatrix layers. The
theory of General Magnetic Reconnection is also non-local, in that its measure of the re-
connection rate depends on determining the maxima of integrals along field lines. In this
work, we complement the above approaches by introducing a local description of magnetic
reconnection, that is one in which information about reconnection at a particular location
depends only on quantities at that location. This description connects the concept of the
field line slippage rate, relative to ideal motion, to the underlying local geometry of the
magnetic field characterized in terms of the Lorentz force and field-aligned current density.
It is argued that the dominant non-ideal term for the solar corona, discussed in relation to
this new description, is mathematically equivalent to the anomalous resistivity employed
by many magnetohydrodynamic simulations. However, the general application of this new
approach is adaptable to the inclusion of other non-ideal terms, which may arise from tur-
bulence modelling or the inclusion of a generalized Ohm’s law. The approach is illustrated
with two examples of coronal magnetic fields related to flux ropes: an analytical model and
a nonlinear force-free extrapolation. In terms of the latter, the slippage rate corresponds to
the reconnection that would happen if the given (static) force-free equilibrium were the in-
stantaneous form of the magnetic field governed by an Ohm’s law with non-ideal terms.

Keywords Magnetic reconnection - Magnetic fields - Corona

1. Introduction

Magnetic reconnection is a fundamental property of plasmas that describes how the topol-
ogy of magnetic field connectivity changes (Pontin and Priest 2022). In applications to the
solar corona, the key locations of dynamically important magnetic reconnection (hereafter,
reconnection) have been identified through the mapping of topological regions of a given
magnetic field. One approach to achieving this is to build separatrix skeletons (Longcope
2005; Haynes and Parnell 2010). Such constructions rely on the existence of null points to
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compartmentalize a given magnetic field into topologically distinct regions. The resulting
dome-like separatrix surfaces, connected by null points and separator field lines, represent
discontinuous jumps in field line connectivity and are, therefore, the primary locations of
where reconnection could take place that changes the global magnetic topology of the given
magnetic field.

It may be the case, however, that a given magnetic field does not contain null points.
In this situation, discrete separatrix layers cannot be defined and need to be replaced by a
generalization of this concept, resulting in quasi-separatrix layers (QSLs; Demoulin et al.
1996; Titov, Hornig, and Démoulin 2002). QSLs are defined as regions of the magnetic field
for which the field line mapping possesses very strong, although continuous, gradients. In
this sense, separatrices can be thought of as the singular limit of QSLs.

Separatrices and QSLs have been successfully combined with the theory of General
Magnetic Reconnection (GMR; Schindler, Hesse, and Birn 1988; Hesse and Schindler
1988), which was developed to describe reconnection in magnetic fields without null points.
For example, GMR has been studied in connection with separator reconnection (Parnell
2024) and close agreements between the predictions of where reconnection occurs accord-
ing to GMR and QSL analysis have been identified (Titov et al. 2009). One common feature
of separators, QSLs and GMR is that they are all non-local forms of analysis. Separators
and QSLs require the integration of field lines across the entire magnetic field under study,
and in GMR the reconnection rate is determined by the integration along field lines of the
component of the electric field parallel to the magnetic field.

In this work, we complement the above theories by presenting a local description of
reconnection, that is one in which the key properties of reconnection can be determined
by only considering local information at the place where reconnection is measured. We
bring together some existing theoretical results to produce a description of reconnection that
provides information about the location, strength and direction of reconnection, together
with how the reconnection is related to the local geometric properties of the magnetic field
through the Lorentz force and field-aligned currents. This description provides a powerful
tool for analyzing the dynamic behaviour of magnetic fields in the solar corona.

The layout of the article is as follows. First, we outline this new description of recon-
nection and describe its properties. Secondly, we apply it to two illustrative examples: an
analytical model of flux rope formation and a nonlinear force-free (NLFF) extrapolation be-
fore the onset of a coronal mass ejection (CME). The paper concludes with a summary and
discussion.

2. Reconnection and Field Line Slippage

Before discussing reconnection in detail, we must define precisely what we mean by this
term. In this work, we adopt a general definition of reconnection (e.g. Axford 1984), which is
also consistent with GMR: if a parcel of plasma initially on one field line becomes connected
to another field line, then we say that reconnection has occurred. In this sense, the terms
reconnection and slippage are considered to be interchangeable.

To provide some context, we now present a very brief overview of the key result of GMR.
Given a general Ohm’s law of the form

E+uxB=R, (D
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where E is the electric field, u is the plasma velocity field, B is the magnetic field, and R
represents the non-ideal terms, an important quantity in GMR is the quasi-potential

E=—/R'bdl=—fE~bdl, 2)
c c

where b = B/|B| is the unit vector along a field line, and C is the curve traced out by a field
line. Consider an isolated diffusion region D C R? defined by

=0 ifx¢D. )

R { #0 ifxe D,
It can be shown (e.g. Hesse, Forbes, and Birn 2005) that in such a region, the reconnection
rate Rp is given by

RD:—maxE:max/R-bdl. “4)
D D Je

This measure of the reconnection rate is non-local because it requires information along an
entire field line and not at a single point. It also depends on the maximum of a set of values
of E. For situations where there are multiple diffusion regions, several local maxima of E
would need to be considered (Wyper and Hesse 2015).

Although GMR has been applied successfully to many applications in solar physics,
Eyink (2015) argues that the rate in Equation 2 should be changed when describing turbulent
reconnection. Very briefly, the problem that arises is that in the turbulent inertial range, the
magnitude of R may be negligible but field line slippage may still occur rapidly throughout
the plasma. Although the magnitude of R may be negligible, its curl need not be. Thus Eyink
(2015) proposes an alternative measure of the reconnection rate, the so-called slip velocity
source,

_(VXR).

Y= ,
| B

(6))

where the brackets indicate a quantity orthogonal to the magnetic field, i.e. (X); = X —
(b - X)b. The essential difference between GMR and Eyink’s theory arises because GMR
assumes laminar ideal MHD outside of an isolated diffusion region (i.e. the magnetic field
is frozen into the flow outside D), whereas in a turbulent plasma, the frozen-in condition is,
in general, violated almost everywhere.

What ¥ measures is the rate of velocity slip, per unit arclength, along a field line. Al-
though field line velocities are useful tools for understanding fundamental concepts about
reconnection, they are not so useful for practical calculations and may not even be well-
defined (Pontin and Priest 2022). There is, however, an alternative and simpler interpretation
of Equation 5 that does not require field line velocities. To see this, consider a fixed point
in space. At a given time, there is a parcel of plasma at this point and a field line passing
through it. The relationship between the parcel of plasma and the field line can develop in
two distinct ways. First, the parcel of plasma can remain attached to the field line. In other
words, the motion is ideal, and there is no reconnection. Secondly, the parcel could slip rela-
tive to the field line. This slippage would require non-ideal terms and satisfies our definition
of reconnection (the parcel of plasma is connected to a different field line). This process is
illustrated in Figure 1.
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Figure 1 A representation of reconnection as field line slippage. A fixed point in space is indicated by a
black dot. At time 7, there is a parcel of plasma (green circle), at this position, that is attached to a field line.
(a) Ideal motion, in which after a small time increment §z, the parcel remains attached to the field line. Here
Y% =0. (b) The same elements, but now the parcel of plasma has slipped to a different field line after 6¢. Here
X #0.

For changes in field line topology, we consider the rate of change of b at a fixed point in
space. Using the relation B - B = | B|?, it is straightforward to show that

b 1 (0B
—=—(=) ©)
at Bl \ dt )

It is clear here that we are not choosing the point in space to be a null point, so that we can

define a field line passing through this point. Taking the curl of Equation 1, making use of
Faraday’s law, and substituting this into Equation 6 reveals

%:ﬁ(Vx(u><B)—VXR)J_=%(VX(uxB))J_+Z. (7)
It is, therefore, clear from Equation 7 that X represents the deviation, from ideal motion, of
field line connectivity. In other words, X # 0 implies the slippage of field lines relative to
ideal motion,' i.e. it represents a change in field line connectivity. Given the above interpre-
tation, a more intuitive name for X would be the field line slippage rate, or just the slippage
rate. We will use this name throughout this paper.

2.1. The Choice of Non-ideal Terms

To proceed, we need information about the form of R, with an eye on applications to the so-
lar corona. The raison d’étre for the introduction of the slip velocity source in Eyink (2015)
was to account for reconnection under turbulence. Magnetohydrodynamic (MHD) simula-
tions of active region-scale phenomena are not able to resolve turbulent scales down to the
dissipative scale and so require models to represent turbulence. In relation to reconnection,
ad hoc models of turbulence are routinely included in such simulations through anomalous
resistivity, which typically takes the form of some prescribed function of the current density.
An alternative approach, resulting in a more self-consistent model of turbulence, would be to
adopt a renormalization group (RG) methodology (e.g. McComb 1995). Despite different
approaches to RG in MHD turbulence, most begin with some coarse-grained description,
through, for example, mollification (Eyink 2015) or ensemble averaging (Yokoi 2020). For
the sake of discussion, we will focus on the latter.

If we consider an ensemble average of the MHD equations, then the individual fields are
split into ‘mean’ and ‘fluctuating’ parts. For example, if f is some given field, then it is

IThis interpretation was also discovered, independently, by Jafari and Vishniac (2019).
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decomposed as f = (f) + f’, where (f) is the mean part (the ensemble average) and f” is
the fluctuating part. In the context of turbulence, the ensemble average follows the Reynolds
averaging rules (Yokoi 2020). Applying these rules to the ideal induction equation leads to

oB

W:Vx(uxB—l—EM), ®)
where all variables are interpreted as mean quantities, and the electromotive force Ej =
(W' x B’). Note that Equation 8 is equivalent to that formed from mollification, but with a
different definition of E (see Equation 2.4 of Eyink 2015).

One important consequence of ensemble averaging is that when we speak of reconnection
in relation to Equation 8, it is in relation to the mean magnetic field. The electromotive force
acts as the source for reconnection rather than any negligible resistivity, which we have
ignored here. The corresponding slippage rate of the mean magnetic field lines is then

_(VxEy).

Y= 9
B] 9

It is at this point where a RG approach enters to provide a model for E; in terms of mean
variables. One approach that has shown some initial promise as a means to simulating turbu-
lent reconnection in the solar atmosphere is the two-scale direct-interaction approximation
(TSDIA; Yoshizawa et al. 2001; Yokoi 2020). This approach has been constructed to model
inhomogeneous turbulence, which is necessary for the corona. The application of the TS-
DIA approach is far too detailed to expand upon here, and the interested reader can consult
extensive descriptions in Yokoi (2020) and Yokoi (2023). Instead, for the purposes of this
discussion, we will skip straight to the main result, for which the leading terms of the elec-
tromotive force can be written as

Ey=oB—8j+ve, (10

where j =V x B (we set o = 1 for convenience), 2 =V x u, and «,, B, and y, are tur-
bulent transport coefficients corresponding to the current and kinetic helicities, the turbulent
energy and the cross-helicity, respectively. Each coefficient has its own equation in terms
of the mean variables (Yokoi 2020). The terms in Equation 10 are also common to other
approaches to modelling turbulent MHD, particularly in dynamo theory (Brandenburg and
Subramanian 2005), with the main differences lying in the specific details of the transport
coefficients.

Given that we are primarily concerned with reconnection in the low-8 corona, it is a rea-
sonable expectation that the dominant term in Equation 10 is — g, j, particularly in regions
of strong and dynamically important reconnection. The term «, B is related to the so-called
a-effect of dynamo generation (e.g. Brandenburg and Subramanian 2005). Thus this term
should play a secondary role in the corona. At current sheets, where the most dynamically
important reconnection takes place, either y; or £ (or both) are expected to change sign
across the current sheet (Yokoi 2020). Thus at the current sheet itself, the term y; €2 is either
zero or very small compared to the magnitude of —fB; j (see Widmer, Biichner, and Yokoi
2016, 2019; Stanish and MacTaggart 2024, for some examples of this). Therefore, in the
solar corona, a reasonable approximation of the electromotive force is

Ey~-pj (1)

in regions of strong reconnection. This approximation has a very similar mathematical form
to the anomalous resistivity used in many MHD simulations of the solar corona, even if the
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underlying physics is different. We will adopt this form for the non-ideal term for the rest
of the paper. However, for ease of reading, we revert to more conventional notation, writing
n rather than B, and referring to it as the ‘resistivity’ (to do this, we equate —V x R with
V x E ), together with R = nj and Equation 11). Inserting this choice into Equation 5 gives

E=—|7{|(anj+anj)l. (12)
Equation 12 is straightforward to calculate, given the magnetic field B, and represents a
purely local description of reconnection, i.e. it depends only on quantities at the location
in space where it is calculated. The results of the rest of this paper are based on Equation
12. That being said, the approach does not strictly depend on Equation 12 and can easily
be adapted to include other terms in the electromotive force. The practical benefit of us-
ing Equation 12 is that it can be applied directly to current MHD simulations of the solar
corona (which do not include «, or y;) and, as will be explained later, to magnetic field
extrapolations from magnetogram observations.

2.2, Connections to Magnetic Field Geometry

Although Equation 12 is a simple expression, the physical significance of each of its terms is
not immediately clear. Progress can be made, however, to relate these terms to the underlying
geometry of the magnetic field. To proceed, we follow the approach of Prior and MacTaggart
(2020) by seeking a suitable decomposition of the current density. If we denote the Lorentz
force as F = j x B, then we can decompose the current density as

. F
J=BXW+O(B, (13)
where
_ (VxB)-B (14)
B |B]>

whose geometric interpretation is the twisting of the magnetic field around the field line
passing through the point in space at which we are measuring. The geometric parameter «
is related to the local field-aligned current density.

We can also express the first term of Equation 13 in a similar way to the second term, i.e.

j:)\.BfL-i‘OlB, (15)

where

F VxB)-B
By =Bx—L, n=xB B

) 16
|F| |B|? (1o

The geometrical interpretation of X is similar to that of « but now measures the twisting of
the magnetic field around B, a vector that is orthogonal to both B and F. Further, given
A, we have that

, F
F=AB;, x B=A1|B]| VR (17)
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Therefore A also represents the magnitude of the Lorentz force relative to the square of
the magnetic field strength. For example, if at a particular point in space, the Lorentz force
consisted entirely of the magnetic tension force, we would have A = |(b- V)b|, i.e. a measure
of the strength of the curvature of the magnetic field.

Inserting Equation 15 into Equation 12 gives

1
Y=——(C C 18
|B|( 1+nC>), (18)

F
Ci=aVyx B—A(Vn-B)—,

|F|
F
Cz=()\.(1)1 —V)\.B)m +}»(O{+(1)2)Bfl+v0[ XB,
where
F (VXBfL)-BfL
woy=VxB; -—, wp=——""—= (19)
TF |B?

In deriving Equation 18, we have decomposed the curl of Equation 15 into parts that are
parallel and orthogonal to the magnetic field. Only terms orthogonal to B appear in the
slippage rate, i.e. those parallel to F or By, or the cross product of B with another vector.

All of the terms in Equation 12 relate to specific geometric properties of the magnetic
field and so represent a direct link between field line geometry and slippage. The terms
collected into C; depend on a non-uniform resistivity. The first term describes a contribu-
tion due to gradients of the resistivity orthogonal to the direction of the magnetic field and
weighted by the local field line twist. Here both the field line geometry and the properties of
the plasma (resistivity) combine to produce field line slippage. This term is combined with
the second, which depends on gradients of resistivity parallel to the magnetic field and acts
in the direction of the Lorentz force.

The terms collected into C, depend only on the field line geometry. The first term of C5,
in the direction of the Lorentz force, combines the rotation of the magnetic field around the
Lorentz force with gradients of the relative strength of the Lorentz force along field lines.
The second term, orthogonal to both the magnetic field and the Lorentz force, combines
local winding and Lorentz forces together with the rotation of these vectors in a direction
orthogonal to both (that of B, ). The third term describes the contribution of gradients in
the field-aligned winding orthogonal to the direction of the magnetic field.

2.3. The Force-Free Limit

In the low plasma-f environment of the solar corona, the force-free approximation V x B =
a B is often adopted. In terms of the analysis we have presented, this coincides with F = 0.
Taking this approximation simplifies the analysis significantly, resulting in

Y =—V(an) x b. (20)

It is useful to explore some particular examples.
For a linear force-free (LFF) field (&« = const.), we have

ELFF = —aVn x b. (21)
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First, if 5 is a constant, then there is no field line slippage for LFF fields, which is a well-
known result (Jette 1970; Seehafer 1993). If « # 0 (non-potential), however, then there is
the possibility of field line slippage, though this depends on the specific form of 7.

For a constant resistivity, a nonlinear force-free (NLFF) field is required as field line
slippage can only occur if there are gradients in the field-aligned currents. We denote this
slippage rate as

ZNLFF = —T’]VO{ X b. (22)
Equation 22 is particularly useful as it can be applied to NLFF extrapolations. We will
discuss a particular example shortly.
3. lllustrative Examples
We now present some applications of the slippage rate analysis to coronal magnetic fields.
3.1. Analytical Flux Rope Formation
As a first demonstration, we consider the kinematic model studied by Hesse, Forbes, and
Birn (2005) and Titov et al. (2009). This model is a simple analytical model of flux rope

formation and has been studied in the above works through GMR and QSL analyses, re-
spectively. It is based on a magnetic field with the components?

B, =3,
(1 =22t
By =— :
y (” (1 + 2221 + 22/36)
Bz =),

where ¢ is a parameter representing time. At ¢ = 0, there is a sheared arcade with a con-
stant current density j = 2e,. Therefore the magnetic field is not force-free, and so it may
be expected that terms involving both A (related to the Lorentz force) and o (related to
field-aligned currents) may provide important contributions to field line reconnection (we
assume here that n = const. for convenience). A visualisation of the initial arcade is shown
in Figure 2(a).

Given that the current density is constant at ¢ = 0, there is no immediate reconnection.
As t increases, the field lines evolve in a non-ideal way, that is, to move from one time to
another, the magnetic field must undergo reconnection. As soon as ¢ > 0, we have X # 0.
However, to reveal some of the reconnection properties in more detail, let us skip to 1 =40,
once a flux rope has developed. Field lines at this time are traced in Figure 2(b—d), together
with vertical slices displaying different variables that we now discuss.

In Figure 2(b), the central slice displays |X| (red is strong, and blue is weak). What is
shown is that the field line slippage rate dominates in the centre, just under the flux rope, but
is also having an effect in a horizontal band structure that stretches across the slice. Before
discussing this further, let us consider the behaviour of Xy g, which is shown in Figure 2(c).

2These components are modified compared to the original ones presented by Hesse, Forbes, and Birn (2005).
This representation was presented by Anthony Yeates and Gunnar Hornig at the Royal Astronomical Society
National Astronomy Meeting 2013.
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Figure 2 Visualisations of magnetic field lines at (a) t = 0 and (b—d) ¢ = 40. The field lines are identical in
(b—d), but the variable on the vertical slice changes. (b) displays |X|, (¢) |XNLFE|, and (d) | F|. The colour
map from red to blue indicates strong to weak.

Now since B is not an NLFF field, this variable is only one of the components making up
the slippage rate (here we make use of the symbol ‘X rr’ S0 as not to introduce too much
unnecessary notation). It reveals the contribution to slippage of gradients of local twist. As
we see from Figure 2(c), | Xnipr| is concentrated in the centre where max | X | occurs. It also
exhibits more structure compared to | X | but does not stretch across the full horizontal extent.
This can only mean that the terms in Equation 18 related to the Lorentz force must play an
important role in contributing to slippage rate across the entire band. In Figure 2(d), the slice
shows the magnitude of the Lorentz force. This stretches in a band across the entire slice in
a similar way to |X|. This behaviour is to be expected given the curvature of the field lines
in this region that indicate magnetic tension. In this analysis, both the presence of Lorentz
forces and gradients in field-aligned currents play a role in the behaviour of reconnection
at different locations. Whilst the strongest reconnection occurs under the flux rope, field
line slippage also occurs across the lower part of the sheared arcade where the field lines
are under tension, i.e. where their curvature has an opposite sign to that of the large-scale
arcade.

As well as the magnitude of the slippage rate, we may also determine its direction. For
this example, the vector of the slippage rate rotates with height. A demonstration of this
is shown in Figure 3, in which the slippage rate vector is shown in two surfaces above
and below the flux rope at + = 40 (the colour scheme is the same as that of the slice in
Figure 2(b)).

The flux rope in this toy model is created by the time-dependent term in B,. One effect
of this perturbation is the shearing of field lines. If the time evolution of B were an ideal
motion, the field lines would continue to shear, with the consequential build-up of current
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Figure 3 A visualisation of X
(arrows) at the flux rope at

t =40. The directions of X are
displayed just below and within
the flux rope. Magnitude is
indicated by colour, red: strong;
blue: weak.

density at the centre of the shear region. Instead, reconnection occurs and leads to the for-
mation of a flux rope. The flux rope field lines are, in places, close to being orthogonal to
the direction of the overlying sheared arcade. The slippage rate vector indicates here how
the field line motion is deviating from ideal motion, i.e. field line connectivity is slipping in
a direction orthogonal to the direction of the overlying sheared arcade field lines to form the
flux rope field lines. This process is strongest in a particular location that corresponds to the
base of the flux rope, i.e. the reconnection region where the flux rope is formed.

3.2. NLFF Extrapolation of AR11158

We now consider an example based on solar data, the NLFF extrapolation of a vector mag-
netogram. It was shown earlier that the expression for the slippage rate assuming an NLFF
field, Equation 22, is greatly simplified compared to when a non-zero Lorentz force is
present. Before calculating Xy gr, however, it is worth considering what this quantity means
in this context, since an NLFF extrapolation is a static equilibrium. When an NLFF extrap-
olation of an active region magnetogram (or larger patch of the solar surface) is performed,
it is assumed that the resulting magnetic field represents a good approximation of both the
large-scale geometry and topology of the magnetic field. The fact that it is an equilibrium
is a consequence of its construction. However, the question may be asked, how would this
equilibrium change if there was an instantaneous change from the condition dB/dt = 0
to dB/dt = —V x R? In this way, we may make use of the slippage rate to show where
reconnection would occur and where it would be strongest.

A typical way to analyze the magnetic topology of NLFF extrapolations is to apply QSL
analysis (e.g. Masson et al. 2017; Kai-Feng et al. 2018; Zhao et al. 2014; Jing et al. 2024). To
make a comparison with such an analysis, we consider the NLFF extrapolation of AR11158,
whose magnetic topology has been studied, using QSL analysis, by Zhao et al. (2014). Our
purpose here is not to study the evolution of AR11158, which has been treated in many other
works (e.g. Schrijver et al. 2011; Sun et al. 2012; Chintzoglou et al. 2019). Rather, our aim
here is to present an example of what information can be gathered from the calculation of
2nirr and how this compares qualitatively to what has been found through QSL analysis.
Again, for simplicity, we will assume that 7 is constant for this demonstration.

Here we focus on the magnetic structure of the active region shortly before the onset of
a CME associated with an X2.2 flare, occurring at approximately 01:24 UT on 15/02/2011
(Aslam et al. 2024). In the topological analysis of Zhao et al. (2014), they investigate the
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Figure 4 A flux rope traced using the strucutre of the slippage rate magnitude. (a) The twisted flux rope
along the central PIL of the active region (the magnetogram shows By, white: positive, black: negative). (b)
The flux rope and the slice of | XN pr| from which the rope is traced. Red to blue indicates strong to weak
| ENLFF|-

formation of a hyperbolic flux tube (HFT), which is defined by the intersection of QSLs
and has been studied in several works. In the left panel of Figure 9 of Zhao et al. (2014),
they show a map of the squashing factor (Pariat and Démoulin 2012) in a cross-sectional
cut across the HFT, at 23:58 UT on 14/02. The characteristic ‘teardrop’ shape of an HFT is
clearly visible, together with some complex internal structure. The main inference from this
QSL configuration is that there is a strongly twisted flux rope, which later erupts as a CME.
We will now consider what can be discovered by analyzing the same event using Xy gr.

To create an NLFF extrapolation of AR11158, we make use of the deep learning method
of Jarolim et al. (2023). Since the extrapolation is based on Space-Weather Helioseismic and
Magnetic Imager (HMI) Active Region Patches (SHARP) vector magnetograms (Hoeksema
et al. 2014), the nearest time available to us, in relation to that studied by Zhao et al. (2014),
is 00:00 UT on 15/02, which is just a difference of two minutes. Once the magnetic field is
produced, we calculate Xy g with second-order finite differences.

Figure 4(a) displays a magnetogram of B, of AR11158 at 00:00 UT on 15/02. At the
central polarity inversion line (PIL), field lines are traced and reveal a twisted flux rope.
The field lines of this rope have been traced from a location determined by the behaviour of
Y nLrE, Which is shown in a vertical slice in Figure 4(b). The slice lies along a north—south
direction cutting the central PIL. There are several arcade-like structures of |Xnppr| with
stronger slippage rates near the photosphere. One of these structures is closed, forming a
ring shape of non-zero slippage rate (strong at the base and weaker at the top) with little
or no slippage in the centre. The field lines of the flux are traced from the central region of
no slippage. This structure is similar in shape to the teardrop structure of the HFT found by
Zhao et al. (2014).

As well as detecting an HFT-like structure, more information can be found from the
| X nLer| map. The reconnection signature is asymmetric, with a stronger slippage rate on one
side. We now investigate the relationship of this stronger patch of slippage to the magnetic
field.

Figure 5(a) displays a similar image to that of Figure 4(b), but now with extra field lines
traced from the region of strong slippage rate shown by the red patch on the vertical slice.
The magnetic field has the form of two magnetic loops, one short and low-lying and the
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Figure 5 Relating the stronger slippage rates to field line structure. (a) Two ‘loops’ of field lines traced from
the patch of strong slippage on the slice, together with the flux rope. (b) These loops on the magnetogram
without the flux rope. (c) The same as (a) but with the loops removed and replaced by a visualization of the
vector XNLEF- (d) The two loops and the flux rope on the magnetogram. Colour conventions are the same as
in Figure 4.

other much larger. Figure 5(b) shows the horizontal extent of these loops, with the smaller
loop straddling the PIL and connecting to the central positive patch of B, and the larger
loop connecting down at the PIL but also the western edge of the central negative patch of
B,. To better understand how the slippage rate relates to this magnetic structure, we can
look at the direction of X, which is shown in Figure 5(c). Nearest to the photosphere, the
slippage rate is directed along the direction of the PIL. This is where the two loops meet
on the PIL. Moving higher in the atmosphere, the direction of the slippage rate rotates and
becomes directed toward the flux rope. This is indicative of reconnection between the two
loops, sheared along the PIL, reconnecting to contribute to the flux rope. We do not claim
that this is how the flux rope formed; answering this would require a detailed study of the
evolution of the magnetic field in time, a task which goes beyond the scope of this paper.
However, what has been shown is that reconnection at this time would occur between the two
identified loops causing a field line slippage rate to be directed toward the flux rope. Further,
the slippage rate at the flux rope itself is very weak, suggesting that this is a stable structure
(at least at this time). Figure 4(d) shows the information of (b) including the flux rope. These
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results agree qualitatively with the identification of a flux rope using QSL analysis by Zhao
et al. (2014).

4. Summary and Discussion

The purpose of this work has been to introduce a new description of reconnection based en-
tirely on local information about the plasma. In contrast to the theory of General Magnetic
Reconnection (GMR) and Quasi-Separatrix Layer (QSL) analysis, this approach does not
require information integrated along field lines across the magnetic field under study. This
new description combines a re-interpretation of the slip velocity source of Eyink (2015)
and the geometric analysis of Prior and MacTaggart (2020). The result is a description that
provides information on the location, strength and direction of the field line slippage rate,
together with the key geometric features of the magnetic field that contribute to field line
slippage. In particular, the geometry of the magnetic field is characterized by the Lorentz
force and field-aligned currents, thus linking the geometry to fundamental physical proper-
ties of magnetic fields in the solar corona.

We have argued on physical grounds that for applications in the solar corona, the anoma-
lous resistivity employed in many MHD simulations represents a reasonable approximation
of the dominant term in the electromotive force, derived from an averaged form of the MHD
equations to model turbulence. In our discussion, we focus on a particular methodology, the
TSDIA approach. However, the result is not strongly dependent on the particular turbulence
model, all of which produce similar expansions for the leading terms of the electromotive
force.

If a more detailed simulation were to be performed, which included additional terms in
the electromotive force or, indeed, extra terms in a generalized Ohm’s law, the main elements
of connecting the slippage rate to the underlying field line geometry would the same as we
have described here. For example, let us focus on the contribution of the a-effect term to the
slippage rate. A simple calculation yields

Z:%[Vo:th—f—a,kal—f—m]. (23)
Thus, if the «-effect term were to be included, the slippage rate would depend on gradients in
the transport coefficient ¢, (first term) and the relative strength of the Lorentz force (second
term).

We have illustrated our new approach in two applications related to flux ropes in the solar
corona. The first is a modified form of the analytical model introduced by Hesse, Forbes,
and Birn (2005). We have shown how the deformation of a sheared arcade leads to field
line slippage in relation to the magnetic field geometry. The second is an application of the
approach to a nonlinear force-free extrapolation. Ignoring the Lorentz force significantly
simplifies the expression of the field line slippage rate, which, assuming constant resistivity,
acts orthogonal to the magnetic field direction and depends on gradients of field-aligned
twist. We compare with the QSL analysis of Zhao et al. (2014), examining the behaviour
of the magnetic field of AR11158 before the onset of a CME. Applied to a static and ideal
equilibrium, the results are to be interpreted as what field line slippage would happen if the
given equilibrium were the instantaneous state of the magnetic field governed by an Ohm’s
law with non-ideal terms. We show that the results of our analysis and those of Zhao et al.
(2014) match qualitatively in that they both indicate the presence of a well-defined pre-CME
twisted flux rope.
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Our description of reconnection, connecting the local field line slippage rate to the un-
derlying geometry of magnetic field lines, represents a powerful tool for the analysis of
active regions dynamics in the solar corona, both in simulations and extrapolations, and is
adaptable to both laminar and turbulent reconnection.
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