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Magnetic reconnection can occur in current sheets separating magnetic fields sheared
by any angle and of arbitrarily different amplitudes. In such asymmetric and non-
coplanar systems, it is not yet understood what the orientation of the X-line will be.
Studying how this orientation is determined locally by the reconnection process is
important to understand systems such as the Earth magnetopause, where reconnection
occurs in regions with large differences in upstream plasma and field properties. This
study aims at determining what the local X-line orientation is for different upstream
magnetic shear angles in an asymmetric set-up relevant to the Earth’s magnetopause.
We use two-dimensional hybrid simulations and vary the simulation plane orientation
with regard to the fixed magnetic field profile and search for the plane maximizing
the reconnection rate. We find that the plane defined by the bisector of upstream fields
maximizes the reconnection rate and this appears not to depend on the magnetic shear
angle, domain size or upstream plasma and asymmetries.

1. Introduction
Magnetic reconnection is recognized as a universal way to release large amounts of

magnetic energy stored within current sheets into plasma kinetic and thermal energy,
as well as enabling large-scale transport through magnetic boundaries (Biskamp
2005; Birn & Priest 2007; Priest & Forbes 2007). The canonical configuration for
reconnection is often depicted as a current sheet separating two sets of coplanar
and oppositely directed magnetic field lines. Most reconnection models have been
based on this configuration (Parker 1957; Birn et al. 2001). The models also often
assume two-dimensionality of the problem for the sake of simplicity. These models
match perhaps most closely the environments of planetary magnetotails and very
fruitful comparisons between numerical models of antiparallel reconnection and in
situ spacecraft measurements have been achieved (Paschmann 2008; Eastwood et al.
2010; Fuselier & Lewis 2011; Eastwood et al. 2013). However, tail configurations
remain very special in light of the much broader set of geometrical and physical
configurations reconnection can encounter in other systems. Among these, the closest
are the solar corona (Aulanier et al. 2006), the solar wind (Phan et al. 2006a;
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Gosling et al. 2007), the Earth’s magnetopause or even at the heliopause, where the
interstellar field supposedly reconnects with the heliospheric one (Swisdak et al. 2010).
In general magnetic reconnection can occur in asymmetric current sheets, involve field
lines with an arbitrary shear angle and evolve in a three-dimensional fashion (Hesse
& Schindler 1988; Hesse et al. 2005b; Hesse, Forbes & Birn 2005a). In these cases,
even basic questions such as what the local orientation of the reconnection line
remain unanswered.

This simple question of orientation may have profound implications on reconnecting
systems, their modelling and observation. It is expected that the reconnection
rate, the dissipated magnetic energy etc. will strongly depend on which magnetic
components are merging. Most analytical models have been based on the values
of the reconnecting components (e.g. Swisdak et al. 2003; Cassak & Shay 2007),
rather than on the magnetic amplitudes. The observational signatures and dynamical
evolution predicted by two-dimensional numerical models will change depending on
the plane that the evolution is forced to occur in. At the Earth magnetopause, where
the process reconnects magnetosheath field lines draped around the Earth dipole
to magnetospheric field lines, the interpretation of spacecraft measurements, almost
always assumed to be obtained from quasi two-dimensional structures, will also
depend on which plane one chooses to project vectors onto.

The question of the local orientation of X-lines is also related to the question
of the locations where reconnection occurs. On the magnetopause surface, both in
situ and remote observations reveal that reconnection signatures, such as accelerated
particles and flows, exhibit a macroscopic pattern evolving with the variation of
interplanetary magnetic field (IMF) and consistent with a macroscopic merging line
on the magnetopause (e.g. Scurry, Russell & Gosling 1994; Dunlop et al. 2005; Phan
et al. 2006b; Trattner et al. 2007a,b; Trenchi et al. 2008 and references therein).
This interpretation connects the orientation problem to the location problem, the
latter being the integral of the former. It is not entirely clear, though, whether the
local X-line orientation is physically determined by a global process, which a priori
imposes the location of a macroscopic X-line. Alternatively, it could result from the
local and self-consistent dynamics of the reconnection process, thereby a posteriori
determining where the macroscopic X-line is, or even be determined by a complex
coupling between global and local scale processes.

In a global organization scenario, the local orientation is merely reactive, in a way
that reconnection is locally oriented because of some larger-scale constraints imposed
on the global properties of the magnetopause by the magnetosphere–solar wind
coupling. In other words, given one point of an X-line and the associated upstream
conditions, the surrounding properties of the magnetopause determine the X-line
location. Early models suggested the merging line would be found only in nearly
antiparallel regions (Crooker 1979) but observations (Paschmann 2008) required a
generalization to include non-coplanar events as well. Other ideas were, for instance,
that the reconnection line would follow regions of maximized current density (Alexeev,
Sibeck & Bobrovnikov 1998) or follow a path so as to maximize the magnetic shear
angle (Trattner et al. 2007a,b). Another idea also suggests the reconnection line may
more probably be found at the location of a global magnetic separator (Siscoe et al.
2001; Dorelli, Bhattacharjee & Raeder 2007). The magnetic separator location in
three-dimensional (3-D) global resistive magnetohydrodynamics (MHD) simulations
(Komar, Fermo & Cassak 2015) was later compared to various theories for different
IMF orientations. No prediction perfectly mapped the separator location.

Another way of addressing this problem is to assume, on the contrary, that the
X-line orientation is entirely determined locally, i.e. that a reconnection X-line locally
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and self-consistently orients itself independently from the mesoscale or macroscale
variations of physical quantities on the magnetopause. The orientation would only
depend on the upstream parameters, i.e. on the physical properties of immediately
adjacent regions in the magnetosphere and magnetosheath. This dynamics may very
well be controlled by 3-D or 2-D mechanisms as long as it is local. This idea
is appealing since magnetopause variations along the X-line are generally thought
to be on a much larger scale than those in the other two directions, and also
because not all points along a global line can be causally related and therefore must
evolve independently for some time at least. Many ideas have been proposed to
explain which direction the X-line could be aligned with, as a function of only local
parameters and dynamics. An early idea was that reconnection would occur in the
plane for which upstream guide fields are equal, i.e. the plane locally perpendicular
to the local average magnetopause current density vector (Sonnerup 1974). This
imposes strong constraints on the reconnection process since, depending on the
amplitude asymmetry between the upstream fields, such a plane does not necessarily
contain in-plane components that reverse sign, and therefore may forbid reconnection.
Although no justification has been found as to why reconnection would be impossible
in such cases, this scenario is still widely used. Indeed, most observation studies
by far tacitly assume the directions of the reconnecting, out-of-plane and normal
magnetic components are respectively equivalent to the directions of the L, M
and N eigenvectors obtained from the minimum variance analysis, e.g. (Phan et al.
2013). Also, most 2-D asymmetric simulations model non-coplanar reconnection
by simply adding a uniform guide field (i.e. not associated with in-plane currents)
to an antiparallel configuration, therefore tacitly fixing the reconnection plane, e.g.
(Pritchett & Mozer 2009; Aunai et al. 2013b). Global X-line models have also been
built with other rules such as that of following vectors that bisect the local upstream
magnetic fields (Moore, Fok & Chandler 2002), or that are perpendicular to the
plane containing antisymmetric components (Cowley 1976). Other and more recent
ideas may be grouped under the same argument that reconnection will locally orient
itself so that it processes magnetic flux the fastest, i.e. so that it maximizes the
reconnection rate. They however differ because of the different understanding of how
the rate could be maximized. It has been shown, for instance, that in non-coplanar
asymmetric reconnection, in-plane diamagnetic drifts along the outflow direction could
strongly alter reconnection, even preventing it from occurring. Favoured planes could
therefore be those where such an effect is minimized (Swisdak et al. 2003). However,
depending on the asymmetry of the current sheet, it may be possible that no plane
shows this effect, which can therefore not be universally used to determine the X-line
orientation. Another idea is that maximizing the outflow velocity (Swisdak & Drake
2007), as given by (1.1), should be close enough from maximizing the reconnection
rate.

This velocity is given by:

vout ∝ BuBd
Bu + Bd

ρuBd + ρdBu
, (1.1)

where Bu and Bd are the absolute value of the merging magnetic components and ρu,d
the upstream (up and down sides of the current sheet) mass densities.

A generalization was to use the Cassak & Shay (2007) scaling laws of the
reconnection rate derived for asymmetric systems (1.2) or similar ones (Birn et al.
2010) and to find the plane that locally maximizes it (Borovsky 2013).

R∝ BuBd

Bu + Bd
vout. (1.2)
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Both ideas were found to be in reasonable agreement with a 3-D resistive MHD
simulation of asymmetric reconnection in an initially planar current sheet (Schreier
et al. 2010). Yet another idea is to actually perform a series of 2-D simulations rotated
around the direction normal to the initial current sheet, and empirically determine
which one makes reconnection the fastest. Such experiment has been realized recently
with fully kinetic particle-in-cell (PIC) simulations (Hesse et al. 2013). It was then
shown, with a single magnetic and plasma initial set-up, that the variation of the
maximum reconnection rate with the simulation plane is well described by the
variation of the product of the in-plane upstream magnetic energy densities (1.3).

Rb ∝ B2
uB2

d. (1.3)

The plane maximizing (1.3) is identical to the plane normal to the bisector of
the upstream fields. Perhaps the strongest limitation of this study was the neglect
of possible self-consistent reconnection dynamics developing in the third direction,
which could change the result. This point was addressed in a subsequent study (Liu,
Hesse & Kuznetsova 2015), where the same initial set-up was studied using both 2-D
and 3-D fully kinetic simulations. X-lines in 3-D systems were consistently found to
naturally orient along the bisector, in both the nonlinear phase of the reconnection
process and the linear phase of the tearing instability. A mass ratio dependency was
found, which again was consistent between 2-D and 3-D models, and suggested that
even models with realistic mass ratio would align with the bisector.

On the observational side, most studies focused on the magnetopause X-line
addressed this issue from a global perspective, as discussed before. Local determination
of the X-line orientation have been addressed much more rarely. A possibility, again
assuming quasi-2-D dynamics, is to determine for which direction of space fields
and plasma properties are the most invariant, using reconstruction techniques (Teh &
Sonnerup 2008; Teh et al. 2009). With a single measurement and a large associated
uncertainty, it is however hard to say whether the data agree more with one model or
another. Such an issue would need to be tackled in a statistical manner for a panel of
varying shear angles, assuming that the measured upstream shear angles are similar
to those relevant for the reconnection dynamics at the X-line.

This paper addresses the issue of X-line orientation as a function of local parameters
and dynamics. Like previous studies (Hesse et al. 2013; Liu et al. 2015), we perform
a set of 2-D simulations and rotate the simulation plane to find the orientation that
maximizes the reconnection rate. Our specific goal here is to know to what extent
these results depend on the domain size, the initial field and plasma asymmetries and
on the magnetic shear angle. Therefore, for a similar magnetic shear angle (∼90◦), we
first use a different magnetic amplitude and plasma asymmetry. Then, keeping the field
amplitude and plasma asymmetry unchanged, we vary the magnetic shear angle. The
paper is organized as follows: the second section describes the numerical model and
initial condition we use. The third section describes our methodology and the results
we obtain. The fourth part is a discussion of the results and the conclusion of this
paper.

2. Numerical model and initial set-up

Although previous studies have mainly used fully kinetic models to study how the
local reconnection dynamics orients the X-line, the use of a PIC code (Aunai et al.
2013b) seems well suited for the present study. Hybrid models solve ion dynamics
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following the PIC algorithm, while electrons appear only via their first three fluid
equations. As they do not need to resolve electron kinetic scales, hybrid models can
be used advantageously for parametric studies such as this one, enabling us to use
larger boxes and longer simulation times. Hybrid simulations of asymmetric magnetic
reconnection have been shown to lead to results very similar to those obtained with
fully kinetic models (Aunai et al. 2013b). In the model, the electron density ne is
assumed to be equal to the ion density n at all time and spatial scales, the electron
momentum equation (2.1) is used to calculate the electric field, assuming negligible
bulk inertia and a simple isothermal closure for their pressure Pe. An additional term
of hyper-resistivity −ν∇2 j is used and is known to be better at defining a proper
dissipation scale than standard resistivity (Aunai et al. 2013a).

E=−ve × B− 1
ne

∇Pe − ν∇2 j. (2.1)

Equations and numerical values presented in this paper are normalized. The
magnetic field is normalized by a typical field B0 and the time by the proton
cyclotron frequency eB0/mp, where e and mp are the elementary electric charge and
proton mass, respectively. The particle density is normalized by a density n0, which
characterizes the denser upstream region in the simulations presented here. Distances
are normalized by the proton inertial length δp associated with n0.

Using these units, all simulations described in this paper are performed in a physical
domain of size (400, 80) in the (x, y) plane, using a uniform Cartesian mesh having
(nx, ny) = (2000, 800) cells. The boundary condition in the y direction is perfectly
conducting for the fields and reflective for particles. The x direction is periodic. A total
of approximately 500 million macroparticles is used. Previous studies using rotating
reconnection planes (Hesse et al. 2013; Liu et al. 2015) were done using an upstream
magnetic amplitude and density ratio of 3. We therefore use a different set-up. In our
case, the density is given by (2.2), where n1 = 1 and n2 = 0.25

n(y)= n1 + n2 − n1

2
(1+ tanh(y0)). (2.2)

The magnetic field amplitude and components are given by (2.3)–(2.5), where
B1 = 0.5 and B2 = 1. The ion temperature initially balances the total pressure,
assuming β1 = n1T1/B2

1 = 7 and a constant electron temperature Te = 0.2. Magnetic
reconnection is triggered with a centred perturbation of amplitude δB ≈ 0.1. The
current sheet is positioned at y= y0 = 40. The simulations are evolved until T = 400
with a time step 1t= 0.001. The hyper-resistive coefficient ν is set to 10−4.

B(y)= B1 + 0.5(B2 − B1)(1+ tanh(y− y0)) (2.3)
Bx(y)= B cos(α(y)) (2.4)
Bz(y)= B sin(α(y)). (2.5)

The angle α represents the smooth rotation of the magnetic field from one side
of the current sheet to the other and its profile is given by (2.6), where α2 − α1 is
the magnetic shear angle ψ . The angles α1 and α2 represent the angles between the
magnetic field and the x axis on each side of the current sheet.

α(y)= α1 + α2 − α1

2
(1+ tanh(y− y0)). (2.6)
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FIGURE 1. The simulations are performed in the (x, y) plane. The reconnecting component
are aligned with the x axis, the z axis is therefore in the out of plane direction, and,
in our 2-D models, also represents the direction of the X-line. The initial upstream
magnetic field vectors are represented by the solid red (B2) and solid blue (B1) vectors.
Equations (2.3)–(2.5) describe the smooth transition along y between B1 and B2. The
magnetic field is initially oriented so that the z axis bisects B1 and B2. The angle θ
rotates the profiles of B1 and B2 around the y axis. The coloured dashed arrows represent
the rotated magnetic field. The dashed black arrow represents the bisector of the rotated
upstream field vectors.

Run ψ θ

R1 90 0
R2 90 −15
R3 90 15
R4 90 25
R5 130 0
R6 130 −25
R7 130 30

TABLE 1. Table detailing the runs we have performed, with their magnetic shear angle ψ
and their orientation θ with respect to the bisection of upstream magnetic field vectors.

It is important to note that, contrary to usual set-ups, we vary the magnetic shear
angle but keep the plasma and its magnetization unchanged. This is important since
other effects such as particle magnetization are known to affect the reconnection
process (Hesse et al. 2013). We run four simulations (called runs R1, R2, R3 and R4)
for which the magnetic shear is ψ = 90◦, which is similar to the one used by Hesse
et al. (2013), Liu et al. (2015), therefore enabling us to isolate the role of plasma
and field amplitude asymmetries. Another series of 3 runs, called R5, R6 and R7, then
keep the plasma and field amplitude asymmetry identical but change the magnetic
shear angle to ψ = 130◦. Each simulation uses an initial magnetic set-up rotated by
an angle θ with respect to the direction bisecting B1 and B2. Figure 1 represents
the magnetic configuration and shows the important angles. Table 1 summarizes the
values of the angles we use. Figures 2 and 3 represent the initial values of the
upstream merging components on both sides of the current sheet as a function of
the simulation plane orientation θ , for runs with ψ = 90◦ and ψ = 130◦, respectively.
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FIGURE 2. Reconnecting components as a function of the orientation angle θ for
ψ = 90◦. The blue and green solid lines represent the initial values taken by the merging
components in the upstream regions. The dashed blue line represents −Bx1 to ease the
comparison with Bx2. The dotted blue vertical line represents the simulation performed at
θ = 0, the two dotted red ones represent the simulations θ =±15 and θ = 25. The dotted
black vertical line represents the orientation giving identical upstream guide fields, which
for ψ = 90◦ is also the orientation of antisymmetric merging components.

We see in those figures that rotations towards negative values of θ make the merging
components more asymmetric while positive values of θ make them more symmetric
than at the bisector orientation.

3. Results
Our goal is to determine empirically the plane orientation, which results in the

fastest reconnection process, and then compare the results to theories previously
used in this context as potentially good candidates for predicting the orientation
maximizing the rate. We chose the following theories: (i) the bisection prediction
given by (1.3), because it was found to have a good agreement in previous studies
(Hesse et al. 2013; Liu et al. 2015) for a different initial set-up; (ii) the Cassak
& Shay (2007) rate scaling law given by (1.2), because its purpose is to give an
estimate of the asymmetric reconnection rate as a function of upstream parameters.
We will also compare the orientation of the maximum rate with the one making the
upstream guide field uniform (Sonnerup 1974), widely used in observational studies,
and with the one where merging components are equal (Cowley 1976). We essentially
need, for each simulation, to select one characteristic rate value, report it on a plot
versus the plane orientation θ and check which orientation leads to a maximum
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FIGURE 3. Same format as figure 2 for runs having ψ = 130◦, red vertical dashed lines
mark θ = 30◦ and θ =−25◦.

reconnection rate and whether the observed rate variation agrees with one of the
above theories or follows a different trend. There are several ways one can do this.
Previous research (Hesse et al. 2013; Liu et al. 2015) used the maximum reconnection
rate as a characteristic value, having in mind that, for a given orientation, it gives
an upper limit to what the rate can be. However, due to small domains, one cannot
be absolutely sure the observed peak rate is not an artefact of the limitations of the
simulation domain. Here, for consistency with these studies, we also use this method,
but the use of much larger domains eliminates the influence of domain boundaries at
the time of maximum rate. Also, because the theories we compare our results to are
not focused on describing the rate at its peak value or at any other specific time, we
want to consider more data and therefore also evaluate the average reconnection rate
for each simulation. This answers the question of what plane orientation reconnects
the most flux in a given time. The time averaging period being also arbitrary, we
use three different ones and check to what extent it changes the results. Figures 4
and 5 show the reconnection rate for all simulations as a function of time. They
show the value for the peak reconnection rate we have selected, and the time periods
that have been used to compute averaged reconnection rates. The plots already show
that the simulation aligned with the bisector has the fastest rate of all. Simulations
for ψ = 90◦ oriented at θ = ±15◦ have similar maximum rates but different time
evolutions. Similar behaviour is observed for simulations with ψ = 130◦, negative
θ leads to a longer time taken in reaching the peak rate than for positive θ . This
difference must be related to the merging components becoming more asymmetric as
θ becomes negative and more symmetric as θ becomes positive, as reported earlier
on figures 2 and 3.
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FIGURE 4. Reconnection rate as a function of time for runs R1..4 (ψ=90◦). The horizontal
dashed lines mark the value of the maximum rate for each simulation, the rectangular
area of the same colour represents the associated uncertainty in selecting the maximum,
which changes slightly with the smoothing kernel used on the raw rate data. The red
and green maxima are identical, making the rectangle brownish. The black vertical dashed
lines represent the upper time limit to the time averaging periods used to compute the
averaged reconnection rates, the lower time limit being t= 0.

Figure 6(d) shows the maximum rate as a function of the simulation orientation θ .
Equations (1.2) and (1.3), normalized by the maximum value of the data points, are
also shown. One can see the two theories predict essentially the same rate variation
for negative θ , but are clearly different for positive values of θ . The data points seem
in a better agreement with the bisection model than with the other ones. In particular,
data indicate the reconnection rate is small for the orientation that makes upstream
guide fields equal. For ψ = 90◦, this direction also lead to antisymmetric merging
components, which is therefore not the fastest reconnection plane either. Even when
considering the averaged reconnection rate, visible in (a–c), the conclusion stays the
same. The plane oriented by the bisector reconnects the most flux in all three time
averaging periods, and the other orientations are aligned almost perfectly with the
bisection model. Results from runs R1..4 therefore agree well with previous studies,
suggesting that the different initial field amplitude and plasma asymmetries do not
change these conclusions.

Now keeping the field amplitude and plasma initial profiles identical, runs R5..7 use
a different magnetic shear angle ψ = 130◦. Figure 7 has the same format as figure 6
but now shows data for runs R5..7. One can see that again that the plane oriented with
the bisector of the upstream field has the highest maximum rate (d) and reconnects the
most flux in all time averaging periods (a–c). Other runs have been performed at large
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FIGURE 5. Reconnection rate as a function of time for runs R5..7 (ψ = 130◦). See figure 4
for the format description.

angular distance from the bisector because the larger width of the theoretical curves
makes them less distinguishable for small angles. At these orientations (including θ =
30◦ which is close to antisymmetric merging components, see figure 3), the maximum
rate and the average rates are significantly lower than for the bisector orientation, and
close to the bisection model prediction. (a–c) Show the average reconnection rates for
each simulation for different time averaging windows. Overall, the trend followed by
the data points are again in better agreement with the bisection model.

4. Discussion
In this work, we aimed at determining how the reconnection X-line self-consistently

orients itself as a function of local upstream parameters only. Assuming 2-D variations,
and following results of Liu et al. (2015), we postulate that the orientation of
the X-line is associated with the plane where reconnection processes the most
magnetic flux, i.e. where the reconnection rate is maximized. Hybrid simulations
were performed where reconnection occurs within an asymmetric current sheet for
two different magnetic shears, 90◦ and 130◦. The simulations support the idea that
the reconnection rate is maximized when the process occurs in the plane defined
by the bisector of upstream magnetic field vectors. Its variation with the system
orientation seems to follow the variation of the in-plane magnetic energy (Hesse et al.
2013) better than the Cassak & Shay (2007) rate scaling law. A reason for this is
perhaps that the latter has been derived considering antiparallel magnetic fields, and
may therefore not be adequate to describe reconnection rates in non-coplanar systems.
Orientations for which upstream merging components are equal (Cowley 1976), or
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(a) (b)

(c) (d)

FIGURE 6. Results for runs R1..4 with ψ = 90◦. (a–c) Show as red dots the reconnection
rate averaged during different time intervals specified in the title of each plot, as a function
of the simulation plane orientation θ . (d) Shows the maximum reconnection rates with
their associated uncertainty. For (a–d), the solid blue and dash-dot green curves represent
equations (1.2) and (1.3), respectively, normalized by the maximum value of the data
points.

for which the guide field is identical (Sonnerup 1974) do not result in the fastest
reconnection rate. These results do not depend on the shear angle between upstream
magnetic fields. Furthermore, simulations R1..4 have a similar shear angle but different
magnetic and plasma asymmetries than previous works (Hesse et al. 2013; Liu et al.
2015). Finding again the bisector orientation, we can therefore conclude the problem
seems not to depend on these parameters either.

It is of interest to note that our results were obtained from a hybrid model, which,
by design, does not include electron kinetic physics. The fact that our results match
those of 2-D and 3-D fully kinetic models seems to suggest that ion kinetic effects
may be important players in setting X-line orientations. This idea is appealing since,
due to their much larger mass, it seems likely that either thermal or bulk ion kinetic
effects have to be involved in determining the overall reconnection dynamics. In
theory, hybrid models also include electron diamagnetic drifts, which are known to
possibly alter the reconnection dynamics (Swisdak et al. 2003) whenever the X-line
drifts faster than the Alfvén speed based on upstream characteristics. In our runs,
the X-line slowly move in the positive x direction, which is opposed to the electron
diamagnetic drift velocity based on the positive Bz and density gradient ∂yn < 0.
For other initial parameters, and assuming they remain relevant once reconnection is
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(a) (b)

(c) (d)

FIGURE 7. Results for runs R5..7 with ψ = 130◦. See figure 6 for the format.

ongoing, diamagnetic effects may change the conclusion of this study regarding the
fastest reconnection plane. Also, the electron pressure is generally not very realistic
in a hybrid model. It remains unclear to what extent electron kinetic physics, leading
to more complex pressure tensors, is important for this effect. More research is
necessary to evaluate the differences between hybrid and fully kinetic magnetopause
reconnection modelling, one way is, for example, to account for a more realistic
electron closure in hybrid codes (Le et al. 2016).

In the context of the magnetopause, our simulations and those of (Hesse et al. 2013;
Liu et al. 2015) can be seen as local and independent, reconnecting magnetopause
patches having different plasma and field asymmetries and different shear angles
between the upstream magnetic field vectors. Together, they indicate that reconnection
may locally orient itself to evolve in the fastest reconnection plane, which is also
the one defined by the bisector of upstream field vectors. Knowing one point where
reconnection occurs on the magnetopause, and assuming everything is determined
locally, one may follow the bisector direction and draw a macroscopic reconnection
line. If all the points along this line represent the local fastest reconnection planes,
they would however not necessarily be the locations of maximized reconnection
rate on the magnetopause surface, or the location of the most probable onset. This
connects to the problems of where reconnection starts at the magnetopause, whether
it spreads and where and how different reconnection events interact with each other
to give a global pattern.

In our simulations, the X-line is well defined. Other recent simulations in 3-D
also show well defined X-lines (Liu et al. 2015) However, in some situations, which
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remain to be clarified, reconnection can dynamically produce flux ropes, i.e. many
X-lines for which the orientation may differ, although upstream plasma and field
characteristics are homogeneous (Daughton et al. 2011). In such cases, defining a
unique X-line orientation may be difficult. A possibility for 3-D fragmented current
sheets is to define the orientation as the one of a dominant X-line, for which the
integral of E‖ is the largest through all non-ideal regions of the system (Wyper &
Hesse 2015). Knowing whether such a stable dominant X-line generally arise is an
important unresolved question.

Progress on the connection between local X-line orientation and global magneto-
pause X-lines requires efforts to fill the gap between the local effects discussed here
and the global scales, by progressively adding microphysics in global simulations and
larger-scale variations in kinetic models.
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