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Magnetic reconnection with a fast perpendicular sheared flow

Xuanye Ma', Antonius Otto’, and Peter A. Delamere'

TGeophysical Institute, University of Alaska Fairbanks, Fairbanks, Alaska, USA

Abstract Magnetic reconnection at the Earth’s low-latitude magnetopause near the flank region is likely
associated with a large sheared flow, being frequently quasi-perpendicular to the antiparallel magnetic
field components. The magnitude of a fast sheared flow can be super-Alfvénic and even overcome the local
fast mode speed. A scaling analysis implies a contradiction between the Walén relation and the balance

of the total pressure for magnetic reconnection with a supercritical perpendicular sheared flow. This

study uses one- and two-dimensional magnetohydrodynamic (MHD) simulations to demonstrate that the
traditional reconnection layer violates the Walén relation but still maintains the total pressure balance

in such a configuration. The results show an expanded outflow region, consistent with the presence of
divergent normal flow, and a significant decrease of the plasma density as well as the thermal pressure

in the outflow region. In contrast, the magnitude of the magnetic field in the outflow region matches the
value in the inflow region due to the total pressure balance, which is fundamentally different from the
classical reconnection layer under sub-Alfvénic perpendicular sheared flow conditions. In three-dimensional
geometry, the fast sheared flow without being stabilized by the magnetic field is expected to be
Kelvin-Helmholtz unstable. However, the three-dimensional MHD simulation suggests that such structure
can be KH stable. Although, the presence of surface waves modulates some two-dimensional features, the
major characteristics of the expanded outflow region are likely to be observed by in situ satellites.

1. Introduction

Sheared flows between the solar wind plasma and the magnetospheric plasma are fundamentally impor-
tant for the solar wind coupling with magnetized planets (e.g., Earth, Saturn, and Jupiter). Different physical
processes operate as a function of the sheared flow relative to the local typical speeds, that is, Alfvén speed,
vV, = B/\/W, and ion acoustic speed, C; = +/yp/p. Here B, p, iy, p, and y = 5/3 are the magnetic field,
plasma density, vacuum permeability, thermal pressure, and adiabatic index, respectively. Although the con-
figuration of a large magnetic shear with a quasi-parallel sheared flow has been widely studied [Chen, 1997;
Cassak and Otto, 2011], sheared flows are often quasi-perpendicular to the antiparallel magnetic field com-
ponents, and the magnitude can be greater than the Alfvén speed. For instance, the magnitude of sheared
flow near the Earth’s magnetospheric tailward flank boundary is about 300~1000 km s~', which is likely to
be super-Alfvénic. The sheared flow on the dawn sides of Saturn’s and Jupiter’s magnetospheres can also
be super-Alfvénic due to the fast corotating magnetodiscs. However, the configuration of large antiparallel
magnetic field components with a super-Alfvénic perpendicular sheared flow has never been systemically
studied.

For the case where the interplanetary magnetic field (IMF) is quasi-parallel to the planetary magnetic field,
e.g., northward IMF conditions for the Earth’s magnetosphere, nonlinear Kelvin-Helmholtz (KH) waves driven
by a large sheared flow can form thin current layers, and consequently trigger magnetic reconnection
[Fairfield et al., 2000; Otto and Fairfield, 2000; Nykyri and Otto, 2001, 2004; Nakamura et al., 2006; Nykyri et al.,
2006; Nakamura et al., 2008]. As such, solar wind plasma can access the magnetosphere.

For the case where the IMF is quasi-antiparallel to the planetary field (e.g., southward IMF conditions for the
Earth’s magnetosphere), magnetic reconnection is considered as the dominant process. In two dimensions,
the changes of the plasma properties (density, velocity, pressure, and magnetic field) from one inflow region
through the outflow region to the other inflow region is mostly one-dimensional and is established through
a series of magnetohydrodynamic (MHD) waves and discontinuities. Such a layer structure is called a recon-
nection layer [Lin and Lee, 1993]. For instance, in the traditional Petschek reconnection model, the inflow and
outflow regions are divided by a pair of switch-off shocks [Petschek, 1964].
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Figure 1. Sketch of the initial configuration.

At the Earth’s magnetopause, the angle between the sheared flow, V,, and antiparallel magnetic field com-
ponent, B, is arbitrary. Thus, a systematic approach for addressing the question of how the presence of the
sheared flow influences magnetic reconnection begins from the two limiting cases, that is, the parallel case
(V, || B) and the transverse case (V,; L B).

For the parallel case, the condition is either KH unstable (i.e., V; > V,) [Chandrasekhar, 1961] or tearing mode
unstable (i.e., V, < V,) [Chen et al., 1997; Cassak and Otto, 2011]. Here V. is the plasma sheared flow speed.

For the transverse case, one- and two-dimensional MHD simulations show that the pair of switch-off shocks
in the Petschek reconnection model are replaced with a pair of slow shocks and a pair of rotational discon-
tinuities (RDs) [Sun et al., 2005]. From a three-dimensional perspective, reconnected magnetic field lines are
dragged into opposite directions on the two sides of the outflow region due to the frozen-in condition, which
consequently forms a magnetic field component perpendicular to the reconnection plane [La Belle-Hamer
et al., 1995]. For a resistive MHD system, the rotational discontinuity becomes a time-dependent intermedi-
ate shock (TDIS). This reconnection layer maintains the total pressure (i.e., thermal pressure and magnetic
pressure) constant, that is,
B? B?

=p +—2=p, +—, 1
Prot = Po e pi e m

where the subscripts o and i refer to the outflow region and inflow region, respectively. Meanwhile, TDIS/RT
also follows the Walén relation [Walén, 1944], that is, the change of the velocity is equal to the change of the
Alfvén speed, AV = +AV,. Note that, for a symmetric configuration
2 2
v§=i<%=3—’+%=vj,+3c§i=v§, )
HoPo 14 HoPi Pi Y

where V, is the magnitude of sheared flow perpendicular to the antiparallel magnetic field B; in the inflow
region (please see Figure 1), B, is the magnitude of the magnetic field in the outflow region, and the critical
speed based on the total pressure is defined as V, = \/2p,/p = 1/ V3 + (2/y)CZ. The equation (2) demon-
strates that the classical reconnection layer, which maintains the total pressure balance and follows the Walén,
only exists when the sheared flow, V, is smaller than the critical speed, V, = 4/ Vf\,. + (2/y)C52,.. For the config-

uration of supercritical perpendicular sheared flow (i.e., V, >V, = 4/ Vji + (2/y)Cszi), the balance of the total
pressure, indicating the violation of the Walén relation, as we will demonstrate, is achieved by a fast expanding
outflow region, which is fundamentally different from the classical reconnection layer.

One should also keep in mind, the one- and two-dimensional geometries limit the KH instability along the
third dimension. The presence of the guide field (i.e., the magnetic field along the sheared flow direction)
can stabilize the magnetopause boundary if the sheared flow speed is lower than the Alfvén speed associ-
ated with this guide field. As such, the magnetic reconnection layer, composed of a pair of slow shocks and
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Figure 2. Profile of initial velocity for V; = 0.5 (black dashed line), Vs = 1.5 (black solid line), Alfvén speed, V, = B/\/E

(red), ion acoustic speed, C; = 1/y/(2p) (blue), fast mode speed, V; = \/Cs2 + Vf\ (green), and critical speed,
V. = v/Piot/p (Magenta) in our normalization (see in context).

RDs/TDISs, can still exist in three dimensions. In contrast, the magnetopause is KH unstable when the sheared
flow speed is larger than the Alfvén speed along the sheared flow direction [Chandrasekhar, 1961]. Both mag-
netic reconnection and the KH instability can operate simultaneously [Chen, 1997]. The nonlinear interaction
between the KH wave and magnetic reconnection has been discussed by Ma et al. [2014a, 2014b].

When the magnitude of the perpendicular sheared flow, V,, is larger than the local fast mode speed, V; =

\/ Vf\ + C2, the sheared flow layer becomes KH stable again [Miura and Pritchett, 1982]. For a sheared flow par-
allel to the antiparallel magnetic field components, the velocity must be super-Alfvénic for the KH instability
to operate and to switch reconnection off. For a sheared flow perpendicular to the antiparallel magnetic field
components, magnetic reconnection and the KH instability can operate simultaneously up to supercritical
sheared flow. For supercritical sheared flow, the KH instability is switched off and only reconnection can oper-
ate. However, the contradiction between the Walén relation and the balance of the total pressure indicates
that the reconnection layer would be fundamentally different from the classical reconnection layer under
sub-Alfvénic perpendicular sheared flow conditions. In this paper, the reconnection layer in such a configu-
ration will be investigated in the frame of MHD by using one- and two-dimensional numerical simulations.
Nevertheless, the presence of the magnetic reconnection layer changes the width of the sheared flow, as
such the KH instability may operate at the late stage of the process. A key question is whether the major
characteristics in one- and two-dimensional configurations can still exist in three dimensions, which will also
be addressed in this study by using three-dimensional MHD simulation. The numerical simulation methods,
results, and discussion will be presented in sections 2-4, respectively.

2. Numerical Methods

In this study we use a leap-frog scheme to numerically solve the full set of normalized resistive MHD equations
[Potter, 1973; Birn, 1980; Otto, 1990]. All length scales, L, are normalized to the half width of the initial current
layer, L,; density, p, is normalized to the initial inflow density, p, = nym,, with the number density, n,, and
ion mass, mg; the magnetic field, B, is normalized to the initial inflow magnetic field, B,; the velocities, V, are
measured in units of the Alfvén speed in the inflow region, V, = BO/W, time, t, is normalized to Alfvén
transittime, r = L, /V,, and the thermal pressure, p, is normalized to BS/(ZI"O)' As such, the magnetic pressure,
the thermal pressure, and the total pressure, p,.,, are represented by B2, p, and B2 + p. Consequently, the
acoustic speed, C,, is 1/yp/(2p), and the critical speed, V,, is 1/p;,:/p in this normalization.

The whole set of simulations in this study is based on the same coordinate system, that is, the x direction is the
normal direction of the current layer; the y direction is along the sheared flow direction, and the z direction
is along the antiparallel magnetic field component (please see Figure 1). Thus, the reconnection geometry is
confined to the x, z plane and three-dimensional effects through surface waves require the y direction.
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Figure 3. The plasma density (color index), the in-plane bulk velocity (black arrows), and magnetic field lines (white
lines) for reconnection with a sub-Alfvénic perpendicular sheared flow (i.e.,, Vs = 0.5) at t = 160. The yellow line indicates
the place where the one-dimensional line cut takes.

For this study, we focus on the simplest symmetric configuration. Thus, the initial one-dimensional steady
state conditions used in the simulations are V = V, tanh(x)éy, B = tanh(x)é,, p = cosh™2(x) + Prandp=1.
Here p_, is 0.1, meaning that the inflow plasma beta is 0.1, which is close to its typical value at the Earth’s
magnetopause. As such, the critical speed is W = \/ﬁ, and the fast mode speed is less than 1.04.
We set V, to be 0.5 and 1.5, representing the cases of sub-Alfvén speed (i.e, V, < V; < V,) and superfast
speed (i.e., V, > V,.> V), respectively. The bulk velocity and the local typical speed are illustrated in Figure 2
for comparison.

We note that it may be academically interesting to discuss the configuration that the magnitude of sheared
flow is between the fast mode speed and critical speed (i.e., V. > V, > V). Generally speaking, such a configu-
ration is KH stable and the reconnection layer maintains the total pressure balance, expected to be identical
to the two-dimensional configuration of reconnection with a sub-Alfvén perpendicular sheared flow. In prac-
tice, the typical plasma beta at the Earth’s magnetopause is the order of unity, indicating that the fast mode
speed, V;, is almost identical to the critical speed, V, = \/Vj,. + (2/y)C52,.. Therefore, we will not explore this
case. We will also not address the critical case that the sheared flow speed is equal to the critical speed (i.e.,
V=V, = ,/Vf‘,. + (2/y)C52,.), since the conclusion based on such a specific parameter value may not have
robust meaning. Furthermore, we do not have precise control of the inflow region, because the fast mode will
slightly modulate the inflow region shortly after the process is triggered, as we will see in section 3. For this
reason we set the sheared flow, V,, well below or above the critical speed, V, = ‘/VAZ,. +(2/y)C?

-, to explore
the two different configurations.
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Figure 4. Profiles of the one-dimensional cut at z = 60 (i.e., yellow lines in Figure 3) for reconnection with a sub-Alfvénic
perpendicular sheared flow (i.e., V; = 0.5). The panels from top to bottom show (first panel) the plasma density and
(second panel) the specific entropy, s = p/p?, (third panel) the total pressure, the thermal pressure, and the magnetic
pressure, (fourth and fifth panels, respectively) the z and y component of the bulk velocity and the Alfvén speed, and
(sixth panel) the x component of the bulk velocity. The pair of rotational discontinuities and slow shocks are highlighted
by green and blue shading, respectively. The yellow shading highlights the density depletion layer.

Our study begins from two-dimensional simulations with a rectangular domain of |x| < 30 and 0 < z < 160,
which eliminates the influence of surface waves along the y direction. This large domain along the z direc-
tion allows a fully developed steady outflow region. Magnetic reconnection is triggered by a time-dependent
localized resistivity model, i.e., 7 = n,[1 — exp(—t/t;)] cosh™'(x) cosh™'(2) + n, [Ma and Otto, 2013], where the
background resistivity is 7, = 0.004, and 7, is 0.06. The nonuniform grids along the x and z directions provide
the highest resolution of Ax = Az = 0.05 in the diffusion region by using 603 x 803 grid points. Free bound-
ary conditions (9, = 0, where 9, represents the partial derivative in the direction normal to the boundary)
are applied to the boundaries along the x direction and z maximum boundary. The z minimum boundary is
determined by symmetry properties of the MHD equations [Otto et al., 2007].

In general, the magnetic reconnection steady outflow region is a one-dimensional structure, which can be
better resolved by solving the so called “one-dimensional Riemann problem” [Lin and Lee, 1993, 1999]. The
initial steady state condition is the same as it is in the two-dimensional geometry, and this process can be
triggered by adding a small constant magnetic B, = 0.025 component [Lin and Lee, 1993, 1999; Ma and Otto,
2013]. The large simulation domain (|x| < 80) that is resolved by 3201 uniform grid points allows MHD waves
to be fully developed without being influenced by the boundary conditions. A very small constant resistivity
n of 2 x 10~*is included in our simulations.

Itis noticeable that a developed reconnection layer changes the width of sheared flow layer, which may form a
KH unstable condition. Such possibilities are investigated by our three-dimensional simulations within a cubic
domain of |x| < 30, |y| < 20, and |z| < 40. The x and z directions are resolved by 151 and 201 nonuniform
grid points with a best resolution Ax = Az = 0.1 in the vicinity of the center. The y direction is resolved by 201
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Figure 5. Same as Figure 4 except that it shows the reconnection layer for a sub-Alfvénic perpendicular sheared flow
(i.e, V5 = 0.5) from one-dimensional simulation.

uniform grid points. Notice that the size of the z direction determines the longest KH wavelength mode in the
system [Ma et al., 2014a]. Thus, the simulation domain is chosen to correspond to a longest wavelength of 4
Earth radii, which is the typical KH wavelength at Earth’s magnetopause near the flank region [Fairfield et al.,
2000; Otto and Fairfield, 2000; Ma et al., 2014a]. Magnetic reconnection is triggered by a magnetic perturbation
given by 6B = §Bf(y)VA(x,z) X éy, where magnetic flux A(x, z) = cosh™2(x) cosh™%(z) is localized along they
direction by f(y) = %[tanh(y%5 - tanh(y%s)]. This study uses a large perturbation 6B = 0.5 to speed up the
evolution to the nonlinear reconnection state. The three-dimensional simulations apply a current dependent
resistivity, ensuring that the resistivity is very small almost everywhere exceptin the location where the current
density is large (or equivalently, relative electron and ion drift speeds are large) [Ma et al., 2014a, 2014b]. It
has also been verified that the results are insensitive to the resistivity model [Ma et al., 2014b]. We use open
boundary conditions along the x and z directions and periodic boundary conditions along the y direction.

3. Results

The one- and two-dimensional configurations rule out the surface wave along the y direction (i.e., invari-
ant direction for one- and two-dimensional configurations). Therefore, we present the results from one- and
two-dimensional simulations in section 3.1 and separately discuss three-dimensional results in section 3.2.

3.1. Reconnection Without Surface Wave

3.1.1. Sub-Alfvénic Conditions (V, < V, = /V2 +(2/y)C2)

We first consider the case of a sheared flow of magnitude 0.5 in order to provide typical conditions and a
reference case for sheared flow perpendicular to the reconnection plane. Figure 3 shows the plasma density
(color index), the in-plane bulk velocity (black arrows), and magnetic field lines (white lines) for reconnec-
tion with a sub-Alfvénic perpendicular sheared flow (i.e., V, = 0.5 < V; = 1/V2 +(2/y)C2), showing a
density depletion layer (blue area) embedded in the center of the narrow steady outflow region (red area).
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