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To investigate the impact of current sheet motion on the reconnection process, we perform resistive
magnetohydrodynamic simulations of two closely located reconnection sites that move apart from
each other as reconnection develops. This simulation develops less quickly than an otherwise
equivalent single perturbation simulation but eventually exhibits a higher reconnection rate. The
unobstructed outflow jets are faster and longer than the outflow jets directed toward the magnetic
island that forms between the two current sheets. The X-line and flow stagnation point are located
near the trailing end of each current sheet very close to the obstructed exit. The speed of X-line
retreat ranges from �0.02–0.06, while the speed of stagnation point retreat ranges from
�0.03–0.07 in units of the initial upstream Alfvén velocity. Early in time, the flow stagnation point
is located closer to the center of the current sheet than the X-line, but later on the relative positions
of these two points switch. Consequently, late in time, there is significant plasma flow across the
X-line in the opposite direction of X-line retreat. Throughout the simulation, the velocity at the
X-line does not equal the velocity of the X-line. Motivated by these results, an expression for the
rate of X-line retreat is derived in terms of local parameters evaluated at the X-line. This expression
shows that X-line retreat is due to both advection by the bulk plasma flow and diffusion of the
normal component of the magnetic field. © 2010 American Institute of Physics.
�doi:10.1063/1.3494570�

I. INTRODUCTION

Most simulations and theories of magnetic reconnection
operate under the assumption that the current sheet is
roughly stationary with respect to the ambient plasma. How-
ever, there are many situations in nature and the laboratory
where current sheet motion is important. Recently, a model
was developed to describe steady magnetic reconnection
with asymmetric outflow in a high aspect ratio current sheet.1

While the assumption of time independence was needed to
make analytic progress, such an assumption precludes time-
dependent effects such as current sheet motion. This
paper addresses this issue by presenting resistive magneto-
hydrodynamic �MHD� simulations of two X-lines that start
in close proximity to each other and move apart as reconnec-
tion develops.

The near-Earth neutral line model2 predicts that the mag-
netotail X-line retreats in the tailward direction during the
recovery phase of magnetospheric substorms. Such behavior
is commonly observed during in situ measurements in the
Earth’s magnetotail.3,4 In a recent statistical study of diffu-
sion region crossings by Cluster, tailward moving X-lines
were observed approximately four times more frequently
than earthward moving X-lines.4 Despite the common occur-
rence of current sheet motion, it is standard practice to com-
pare in situ measurements of diffusion region crossings to
particle-in-cell �PIC� simulations of roughly stationary re-
connection layers. Global simulations of the magnetotail do
allow the diffusion region to move, and tailward motion of

the predominant X-line is commonly observed.5–8 Previous
research has also considered the effects of current sheet mo-
tion on reconnection slow mode shock structure.9–11

Flux rope models of coronal mass ejections �CMEs�
typically predict the formation of a current sheet between the
flare site and the ejected plasmoid.12–14 Features identified as
current sheets have been observed for an increasing number
of events �e.g., Refs. 15–18�. During these events, both the
lower and upper boundaries of the current sheet are thought
to rise with time.19,20 Of particular interest are the locations
of the predominant X-line and flow stagnation point. A re-
cent analysis of the current sheet behind a slow CME on
2008 April 9 showed upflowing features above and down-
flowing features below a height of �0.25 solar radii.18 In
addition, a potential field model of the pre-CME active re-
gion showed a pre-existing X-line at about that height. Be-
cause the CME current sheet associated with this event ex-
tended beyond several solar radii, this evidence suggests that
the predominant X-line and flow stagnation point are both
located near the base of the current sheet.

Current sheet motion and asymmetric outflow reconnec-
tion occur in the laboratory during the merging of sphero-
maks or other toroidal plasma configurations where the re-
connection outflow is aligned with the radial direction, even
though the range of motion is limited by the boundary con-
ditions of the experiment. Counterhelicity spheromak merg-
ing results from the Magnetic Reconnection Experiment
�MRX� �Ref. 21� show the X-line being pulled toward one
end of the current sheet because of the Hall effect, resulting
in asymmetric outflow.22,23 During spheromak merging ex-
periments at TS-3/4,24 current sheet ejection often leads toa�Electronic mail: namurphy@cfa.harvard.edu.
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faster reconnection and the X-line being located toward one
end of the current sheet.25

Current sheet motion also occurs when both a guide field
and a density gradient across the current layer are
present.26–28 Relevant configurations include the dayside
magnetopause and tokamaks. In these situations, the plasma
pressure gradient in the inflow direction leads to diamagnetic
drifting of the reconnection layer. When the diamagnetic
drift velocity becomes comparable to the Alfvén speed, re-
connection is suppressed. Such effects can contribute to
mode rotation in tokamaks.

Recent PIC simulations by Oka et al.29 displayed X-line
retreat due to the presence of an obstructing wall in one of
the two downstream regions. The retreat speed was found to
be �0.1 of the upstream Alfvén velocity and comparable to
the reconnection inflow velocity. In qualitative agreement
with the scaling model developed in Ref. 1, the reconnection
rate was not significantly affected by current sheet motion.
However, the structure of the current sheet was modified
from the symmetric case. In particular, the ion flow stagna-
tion point was closer to the wall than the X-line, and the
outflow jets away from the obstruction were longer and
faster than the outflow jets directed toward the wall.

In all of these cases, current sheet motion is an important
consideration because it modifies the structure of the recon-
nection layer and affects the transport of energy, mass, and
momentum. The simulations in this paper are used to help
understand the impact current sheet motion has on the struc-
ture and dynamics of a reconnection layer and to determine
what sets the rate of X-line retreat.

This paper is organized as follows. Section II describes
the numerical method used for the simulations reported in
this paper. Section III describes the initial perturbed equilib-
rium and boundary conditions. Section IV provides a thor-
ough discussion of the simulation results, including compari-
sons to a symmetric single perturbation simulation and
details of the internal structure of the current sheet. Section
V contains a derivation of the rate of X-line retreat in terms
of local parameters evaluated at the X-point. Section VI con-
tains a summary and conclusions.

II. NUMERICAL METHOD

The NIMROD code30–32 �Non-Ideal Magnetohydrody-
namics with Rotation, Open Discussion� is well suited for
the study of resistive MHD and two-fluid magnetic recon-
nection in a variety of configurations.23,32,33 NIMROD uses a
finite element formulation for the poloidal plane and, for
three-dimensional simulations, a finite Fourier series in the
out-of-plane direction. The equations evolved by NIMROD
for the two-dimensional simulations reported in this paper
are given in dimensionless form by

��

�t
+ � · ��V� = � · D � � , �1�

�B

�t
= − � � ��J − V � B� , �2�

J = � � B , �3�

�� �V

�t
+ V · �V� = J � B − �p + � · �� � V , �4�

�

� − 1
� �T

�t
+ V · �T� = −

p

2
� · V − � · q + Q , �5�

where B is the magnetic field, V is the bulk plasma velocity,
J is current density, � is density, p is the plasma pressure, �
is resistivity, � is the kinematic viscosity, T is temperature,
q=−���T represents isotropic thermal conduction, � is the
thermal diffusivity, Q includes resistive and viscous heating,
�=5 /3 is the ratio of specific heats, and D is an artificial
number density diffusivity. Simulation quantities are normal-
ized to the following respective values: B0, �0, L0,
t0, VA0	L0 / t0	B0 /
�0�0, p0	�0VA0

2 	B0 /�0	�0T0 /mi,
J0	B0 /�0L0, and �0 /�0	�0	�0	D0	L0

2 / t0. The diver-
gence constraint is not exactly met, so divergence cleaning is
used to minimize the development of divergence error.30

NIMROD represents solution fields as the sum of
steady-state and time-varying components. For most applica-
tions the use of an ideal MHD equilibrium for the steady-
state component does not lead to significant error when a
small finite resistivity is used. However, in this work, it is
necessary for the steady-state component to be free of cur-
rent for resistive diffusion to be represented accurately.

III. PROBLEM SETUP

The initial conditions for the two-dimensional simula-
tions reported in this paper are those of a perturbed Harris
sheet equilibrium. The Harris sheet equilibrium is given by

Bx�z� = B0 tanh� z

	0
� , �6�

Jy�z� =
B0

	0
sech2� z

	0
� , �7�

p�z� =
B0

2

2
�
0 + sech2� z

	0
�� , �8�

where B0 is the asymptotic magnetic field strength, 	0 is the
Harris sheet thickness, and 
0 is the ratio of the asymptotic
plasma pressure to the asymptotic magnetic pressure. The
initial temperature is constant. Here, x̂ is the outflow direc-
tion, ŷ is the out-of-plane direction, and ẑ is the inflow di-
rection. The perturbed component of the magnetic field is of
the form

Bp�x,z� = � � ��pŷ� , �9�

with the flux function �p for double perturbation simulations
given by
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�p�x,z� = − B1hexp�− � x − �

h
�2

− � z

h
�2�

+ exp�− � x + �

h
�2

− � z

h
�2�� , �10�

where B1 is the amplitude of the perturbation, � is the half-
separation between the two components of the perturbation,
and h is the length scale of the perturbations. This configu-
ration is reminiscent of the final state of the multiple X-line
simulations presented in Ref. 34. The form of this perturba-
tion does not depend on the size of the computational do-
main.

The computational domain is defined by −xmaxx
xmax and −zmaxzzmax. The domain is periodic in the x
direction and has no-slip perfectly conducting boundaries at
z= �zmax. The domain has mx and mz finite elements in the x
and z directions, respectively. Mesh packing is used in both
the x and z directions to ensure that the reconnection layers
are sufficiently resolved. The physical size of the domain is
chosen to be large enough that boundary conditions do not
significantly affect the dynamical behavior over the time
scales considered in the analysis.

The simulation parameters are as follows. The Harris
sheet equilibrium is given by B0=1, 	0=0.1, and 
0=1. The
initial perturbation is given by B1=0.05, �=1, and h=0.5.
The length scale is normalized to the half-distance between
the initial perturbations. The diffusivities are given by �=�
=�=10−3 and D=10−5. All velocities given in this paper are
in the simulation reference frame. A variable time step is
used such that the Courant number is no greater than 1/6.
The computational domain is given by xmax=30, zmax=12,
mx=124, and mz=22 with sixth order finite element basis
functions. The simulations are ended when the outflow jets
reach the periodic boundary. Because the simulation is sym-
metric about x=0, only x�0 is considered in Secs. IV–VI.

IV. SIMULATION RESULTS

This section contains a detailed analysis of a double per-
turbation simulation that is used to understand the structure
and development of a moving current sheet in the resistive
MHD limit. This double perturbation simulation is compared
to an otherwise equivalent single perturbation simulation that
exhibits nonretreating, symmetric reconnection.

A. The global structure of the reconnection region

Key features of the time evolution of the double pertur-
bation simulation are shown in Fig. 1. The most apparent
feature of the simulation is that the current sheets retreat
from x=0 while the reconnection process is developing. The
current sheet has a single wedge shape that is most apparent
late in time. Figure 2�a� shows that the current sheet is thin-
nest near the magnetic field null, which is very close to the
obstructed exit from the current sheet, and thickest near the
obstructed exit.

As seen in Figs. 1�d�–1�f�, the peak plasma pressure in
the magnetic island around x=0 is greater than the peak
plasma pressure in the downstream region away from x=0.

The plasma pressure gradient associated with the obstructing
magnetic island is stronger and more localized than the
plasma pressure gradient associated with the unobstructed
outflow region. Early in time �t�20�, the X-point is located
near the minimum of plasma pressure along z=0. Later
�20� t�28�, the plasma pressure at the flow stagnation point
is less than at the X-point. A local maximum of plasma pres-
sure appears at t�27 in the central region of the current
sheet that persists through the remainder of the simulation.
This pressure maximum is located slightly closer to the un-
obstructed exit of the current sheet than the obstructed exit.

Contours of the outflow component of velocity presented
in Figs. 1�g�–1�i� show that the outflow jet directed away
from the obstruction is faster and longer than the outflow
jet directed toward the obstruction. This behavior is consis-
tent with previous simulations of asymmetric outflow
reconnection.8,20,29,34–36 The kinetic energy and enthalpy
fluxes away from the obstruction are much greater than those
toward the obstruction.

The inflow component of velocity is shown in Figs.
1�j�–1�l�. In the upstream regions outside the current sheet,
the inflow component of velocity is roughly uniform except
near the outflow region furthest from x=0. The inflow veloc-
ity late in time is �0.015–0.02. Because the large outflow
blob from the unobstructed exit of the current sheet seen in
Fig. 1 is propagating away from x=0, there is a quadrupole-
like pattern for Vz as upstream plasma ahead of the blob
moves out of the way and upstream plasma behind the blob
is pulled back toward z=0.

Figure 3 shows the time evolution of key quantities from
the double perturbation simulation with comparisons to the
otherwise equivalent single perturbation simulation used as a
control for this study. Because a magnetic island forms at
t�38 in the single perturbation simulation, the comparison
is halted at that time. Figure 3�a� shows the reconnection
electric field strength for both simulations. The reconnection
rate peaks more quickly in the single perturbation simulation
than the double perturbation simulation. The development of
reconnection in the double perturbation simulation is slow
because the magnetic field null is located near the global
pressure minimum along z=0 for t�20 �see Fig. 3�d�� so
that pressure gradients oppose outflow instead of facilitating
it. However, the amplitude of the reconnection rate is even-
tually greater in the double perturbation case because the
current sheet can increase in length in only one direction. As
seen in Fig. 3�b�, the single perturbation current sheet is a
factor of �2–3 longer at any given time. The slight distur-
bances around t�58 in Figs. 3�a� and 3�b� may be due to the
periodic boundary condition. While the reconnection rate is
enhanced slightly in the double perturbation case, the differ-
ence is less than a factor of 2 so we conclude that the recon-
nection rate is only modestly affected by asymmetry or cur-
rent sheet motion �see also Refs. 1 and 29�.

The peak outflow velocities in the positive and negative
directions are shown in Fig. 3�c�. Again, it is apparent that
the double perturbation simulation takes longer to develop
than the single perturbation simulation. The unobstructed
outflow jet is typically �2–3 times faster than the obstructed
outflow jet.
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B. The internal structure of the current sheet

The positions of the magnetic field null, flow stagnation
point, and pressure minimum along z=0 �xn, xs, and xp,min,
respectively� are presented in Fig. 3�d�. The positions of the

X-point and flow stagnation point are separated by a short
distance. Both points are located very close to the obstructed
exit of the current sheet. Early in time, the flow stagnation
point is closer to the obstruction than the magnetic field null

FIG. 1. �Color online� Contour plots showing: ��a�–�c�� the out-of-plane current density, Jy, ��d�–�f�� the plasma pressure, p, ��g�–�i�� the outflow component
of velocity, Vx, and ��j�–�l�� the inflow component of velocity, Vz, at times 22, 44, and 66 for one of the two reconnection regions during the simulation of
X-line retreat discussed in Sec. IV. The locations of the magnetic field null, flow stagnation point, pressure minimum along z=0, and pressure maximum within
the current sheet are denoted by n, s, pmin, and pmax,CS, respectively.
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�e.g., xs�xn�. This corresponds to the plasma flow at the
X-line moving in the same direction as X-line retreat. Such a
scenario is what one would expect if the frozen-in condition
is approximately met �see Fig. 4�a��. However, around t
�28, the relative positions of the magnetic field null and
flow stagnation point switch �e.g., xs�xn�. Hence at late
times during this simulation the plasma flow at the X-line is
in the opposite direction of X-line retreat �see Fig. 4�b��. The
peak resistive electric field in the double perturbation simu-
lation occurs slightly after the time when xn=xs �e.g., near
the time when tension forces entirely work toward accelerat-
ing outflow rather than partially working against it�.

The relative positions of the X-line and flow stagnation
point switch because during near steady conditions, the flow
stagnation point will in general be located near where the
tension and pressure gradient forces cancel �e.g., Ref. 1�.
This implies that the total pressure at the flow stagnation
point should be greater than the total pressure at the X-point
when time-dependent effects are not important. Early in time
�t�20�, the X-point is located very near the global pressure
minimum along z=0 �see Fig. 3�d��. During this phase,
p�xs�� p�xn� and the pressure gradient and tension forces at
the flow stagnation point are oppositely directed. As the
simulation progresses, the X-line and flow stagnation point
retreat more quickly than the position of this pressure mini-
mum. For 20� t�28, p�xs�� p�xn� and the tension and pres-
sure gradient forces at the flow stagnation point are pointed
in the same direction and thus cannot cancel each other out.

The flow stagnation point retreats quickly until xn�xs and
p�xs�� p�xn� once again and for the remainder of the simu-
lation �see Fig. 2�b��.

Figure 3�e� compares the rate of change in position of
the magnetic field null dxn /dt, the rate of change in position
of the flow stagnation point dxs /dt, and the plasma flow ve-
locity across the magnetic field null Vx�xn�. As discussed in
Ref. 37 and Sec. V, any difference between Vx�xn� and dxn /dt
must be due to resistive diffusion. The X-line is observed to

FIG. 2. �Color online� Shown above at t=66 are �a� the current sheet thick-
ness 	 as a function of x, calculated as the half width at quarter maximum of
Jy, and �b� the plasma pressure along z=0. In �a�, the magnetic field null is
denoted by n and the flow stagnation point is denoted by s, with xn=3.47
and xs=4.05. In �b�, the global pressure minimum along z=0 and the pres-
sure maximum within the current sheet are denoted by pmin and pmax,CS,
respectively, with xp,min=2.98 and xp,max,CS=9.90.

FIG. 3. �Color online� Simulation results showing as a function of time �a�
the resistive electric field strength measured at the X-point, �b� the full
length at quarter maximum of Jy along z=0, �c� the peak outflow velocities,
�d� the positions of the magnetic field null, flow stagnation point, and pres-
sure minimum along z=0 �xn, xs, and xp,min, respectively�, and �e� the rates
of change in position of the magnetic field null and flow stagnation point
�dxn /dt and dxs /dt, respectively� and the velocity at the magnetic field null,
Vx�xn�.
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retreat at a variable velocity ranging between 0.02 and 0.06.
The flow stagnation point retreats more quickly than the
magnetic field null for most of the simulation with velocities
ranging from 0.03 to 0.07. For much of the first third of the
simulation, dxs /dt�dxn /dt�Vx�xn�. When xs�xn, the rate
of X-line retreat drops by a factor of �3 before slowly in-
creasing and stabilizing. Following a delay after the drop in
dxn /dt, dxs /dt declines also before stabilizing. However, the
most striking feature of Fig. 3�e� is that late in time there is
significant plasma flow across the X-line in the opposite di-
rection of X-line retreat: Vx�xn��−0.16 while dxn /dt�0.04.

Figure 5 shows Bz�z� for three locations surrounding the
magnetic field null. Along x=xn, Bz�0 except at z=0. Ad-

ditionally, �2Bz /�t2�0 in the vicinity of the X-point. This
magnetic field structure near the X-point can be seen clearly
in the magnetic flux contour plot presented in Fig. 6, where
magnetic field lines are pinched inward toward the right of
the X-point. As we shall see in Sec. V, these features facili-
tate X-line retreat by diffusion of the normal component of
the magnetic field in the inflow direction.

Plasma flow at the X-line in the direction opposite to
X-line retreat appears to be a persistent feature for the as-
sumed configuration. This effect occurs during analogous
simulations with initial uniform guide fields up to at least
By0=4, a line-tied boundary at x=0, 
0 at least between 0.25
and 4, different diffusivities, and different initial separations
at least for ��8. During some of these simulations, an ad-
ditional X-line appears near the leading end of the current
sheet. For larger �, the developing current sheets are likely
to become unstable to the plasmoid instability38–43 before the
retreat process begins. Plasma flow across the X-line in the
direction opposite to X-line retreat does occasionally occur
during analogous resistive MHD simulations of multiple
competing reconnection sites, but less frequently because
current sheet motion is inhibited.44

C. Components of the electric field and momentum
balance

Components of the out-of-plane electric field along
z=0 are shown in Fig. 7�a� for t=66. This is late in the
simulation when reconnection is well-developed and xn�xs.
Inside the current sheet �3�x�14�, the electric field is ap-
proximately uniform but increases slightly with distance
from x=0. The resistive electric field peaks in between the
magnetic field null and flow stagnation point. In the ob-
structed outflow region, the electric field drops to a fraction
of the value from inside the current sheet. From Faraday’s
law, the positive slope of Ey indicates that Bz in the obstruct-
ing magnetic island is increasing with time. In the unob-
structed outflow region, Ey peaks sharply. This signature is
indicative of the unobstructed downstream plasmoid being
advected away from x=0.

Figure 7�b� shows force density contributions from the
momentum equation �Eq. �4�� along z=0 at t=66. Contribu-
tions include the magnetic tension force Bz�Bx /�z, the mag-

FIG. 4. �Color online� A schematic showing the rate of X-line retreat,
dxn /dt, and the plasma flow velocity at the X-line, Vx�xn�. Early in time,
both velocities are in the same direction. Late in time, there is significant
plasma flow across the X-line in the opposite direction of X-line retreat.

FIG. 5. �Color online� The normal component of the magnetic field as a
function of z for three locations surrounding the magnetic field null at
t=66. At x=xn, Bz�0 in the vicinity of the current sheet except at z=0.

FIG. 6. Magnetic flux contours near the magnetic field null at t=66. The
dotted line represents x=xn.
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netic pressure gradient force −��Bz
2 /2� /�x, and the plasma

pressure gradient force −�p /�x. Viscous forces are small and
not shown explicitly, but are included in the calculation for
total force density. The outflow toward the unobstructed exit
is accelerated primarily by magnetic tension, whereas the
outflow toward x=0 is accelerated primarily by the pressure
gradient force. Intuitively, this is because the X-line is lo-
cated very near one end of the current sheet so that the ten-
sion force directed toward that end is small and the tension
force directed away from that end is large �e.g., Ref. 24�. The
force density at the flow stagnation point is negative until
t�39 when it becomes positive for the remainder of the
simulation.

V. THE RATE OF X-LINE RETREAT

This section contains a derivation of the rate of X-line
retreat in the two-dimensional case. The geometry is as-
sumed to be the same as that of the simulations reported in
this paper. In particular, symmetry is assumed about z=0 so
that the motion of the X-line is purely in the x direction. No
assumptions are made about the presence or absence of a
guide field, except that � /�y→0. The analysis presented in
this section can also be applied to the asymmetric inflow
case by switching the inflow and outflow directions �see also
Ref. 45�.

The derivation of the rate of retreat of the X-line begins
with Faraday’s law,

�B

�t
= − � � E . �11�

Evaluating the z-component of this expression and using the
assumption of symmetry in the out-of-plane direction gives

�Bz

�t
= −

�Ey

�x
. �12�

Next, the convective derivative of Bz at the X-point taken
using the velocity of X-line retreat dxn /dt is given by

� �Bz

�t
�

xn

+
dxn

dt
� �Bz

�x
�

xn

= 0. �13�

The right hand side of Eq. �13� is zero because the normal
component of the magnetic field at the X-point does not
change from zero, by definition. The rate of X-line retreat
then follows from Eqs. �12� and �13� and is given by

dxn

dt
= � �Ey/�x

�Bz/�x
�

xn

. �14�

Intuitively, this means that the X-line moves in the direction
of increasing total reconnection electric field strength. This
expression shows that it is not self-consistent to assume that
the X-line is moving while the out-of-plane electric field is
constant in space.

This derivation has thus far not specified an expression
for the out-of-plane electric field. By using the resistive
MHD Ohm’s law E+V�B=�J, Eq. �14� yields

dxn

dt
= Vx�xn� − � �

�2Bz

�x2 +
�2Bz

�z2

�Bz

�x
�

xn

. �15�

For the assumed geometry, this is an exact result for resistive
MHD. Equation �14� can be evaluated to include additional
terms in the generalized Ohm’s law. The inverse dependence
on �Bz /�x �xn

in the resistive term comes from the geometric
properties of Eq. �13�; it is easier to change the position of a
root of a function by a vertical shift if the slope of the func-
tion near the root is shallow. Because �2Bz /�x2 �xn

will usually
be small if �Bz /�x �xn

is small, it is likely that in resistive
MHD the term �2Bz /�z2 �xn

representing diffusion of the nor-
mal component of the magnetic field in the inflow direction
will be more important than the term �2Bz /�x2 �xn

represent-
ing diffusion of the normal component of the magnetic field
along the outflow direction. Indeed, the simulation does
show that late in time �2Bz /�x2 �xn

��2Bz /�z2 �xn
. When the

X-line is retreating during collisionless reconnection, it is
possible that the term �2Bz /�x2 will become more important.
During three-dimensional reconnection, the term �2Bz /�y2

may also play a role in facilitating X-line retreat.
The mechanism for diffusion of the X-line is presented

in Fig. 8. Along x=xn, Bz�0 except at z=0. Then because
�2Bz /�z2�0, the normal component of the magnetic field

FIG. 7. �Color online� Simulation results showing �a� components of the
electric field out-of-plane and �b� force density contributions along z=0 at
t=66. The magnetic field null is denoted by n and the flow stagnation point
is denoted by s.
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becomes more negative in the immediate vicinity of the
X-point. This diffusion of Bz in the z direction causes the
magnitude of Bz to become stronger immediately to the left
of the X-point and weaker immediately to the right of the
X-point in Fig. 8. As a consequence, the X-point retreats to
the right. The necessary features for this diffusion mecha-
nism are apparent in Figs. 5 and 6. The contribution to X-line
motion from diffusion of the normal component of the mag-
netic field in the outflow direction is not shown in Fig. 8.

The difference between the bulk plasma flow across the
X-line, Vx�xn�, and the rate of change in position of the
X-line, dxn /dt, is subtle but important. In the ideal MHD
limit, the magnetic field will be purely frozen in to the
plasma so that these two quantities will be identical �e.g.,
Vx�xn�=dxn /dt�. In this limit the X-line is purely advected by
the bulk plasma flow. Therefore, any difference between
Vx�xn� and dxn /dt must be due to resistive diffusion of the
magnetic field �see also Ref. 37�.

The relation presented in Eq. �15� and Fig. 8 shows that
the rate of X-line retreat depends fundamentally on local
parameters evaluated at the X-point. Hence global models
attempting to describe the rate of X-line retreat must take
into account the coupling between large scales and the local
structure of the magnetic field near the X-point. A starting
point for such models may be the analysis presented in Ref.
46.

VI. DISCUSSION AND CONCLUSIONS

This paper presents a resistive MHD simulation of two
competing reconnection sites that move apart from each
other as they develop. This investigation provides insight
into the impact of current sheet motion on the reconnection
process as well as on what happens when outflow from one
exit of the current sheet is blocked.

The asymmetry in the reconnection process is most ap-
parent in the outflow velocity profile. When the reconnection
process is well-developed, the unobstructed outflow jet is
�2–3 times faster than the obstructed outflow jet. As a con-
sequence, most of the mass, energy, and momentum flux
associated with the outflow is directed away from the ob-
structing magnetic island that forms between the two current
sheets. Late in time, the reconnection rate is slightly higher
in the double perturbation simulation than in an otherwise

equivalent single perturbation simulation because the ob-
struction prevents the length of each current sheet from
growing in one direction.

The X-point and flow stagnation point are both located
very near the obstructed exit of the current sheet. This gives
the reconnection layer a characteristic single wedge shape
that is especially apparent late in time. During recent simu-
lations of the plasmoid instability, single wedge shaped
small-scale reconnection sites are routinely observed with
the X-point located near the thinnest part of the current sheet
�see the online movie associated with Fig. 3 of Ref. 41�.
Because the X-line is located very close to one end of the
current sheet, the tension force is directed predominantly to-
ward the other direction �see also Refs. 23 and 36�. As in
previous simulations of reconnection with asymmetric
inflow23,45,47–55 and asymmetric outflow,1,23,29 the X-line and
flow stagnation point are separated by a short distance. This
separation appears to be a ubiquitous feature of asymmetric
reconnection.

The X-line retreats at speeds of �0.02–0.06 and the
flow stagnation point retreats at speeds of �0.03–0.07. This
is slower than the X-line retreat speed of �0.1 observed in
Ref. 29. Early in time, the plasma flow at the X-line is in the
same direction as the rate of change in position of the X-line.
While the reconnection process is still developing, however,
the relative positions of the X-line and flow stagnation point
switch. As a consequence, late in time the plasma flow at the
X-line is in the opposite direction of X-line retreat. This
switch occurs so that the flow stagnation point will be lo-
cated near where the magnetic tension and plasma pressure
forces cancel.

To further understand these results, an expression is de-
rived for the rate of X-line retreat. In the assumed geometry,
the X-line retreats in the direction of increasing total recon-
nection electric field strength. In the resistive MHD limit, the
X-line retreats due to either advection by the bulk plasma
flow or by diffusion of the normal component of the mag-
netic field.

Interestingly, previous PIC simulations show that while
the ion flow at the X-point is in the same direction as X-line
retreat, the electron flow at the X-point is in the opposite
direction �see Fig. 1 of Ref. 29�. Because in Hall MHD the
magnetic field is frozen into the electron fluid rather than the
bulk plasma, this result suggests that a similar effect occurs
in fully kinetic simulations. It will be important in future
work to determine whether or not this class of behavior oc-
curs in more realistic geometries such as CME current sheets
and the Earth’s magnetotail, or for substantially different
plasma parameters.

The simulation presented in this paper can be used to
assess the validity of the assumptions made by the steady-
state model of reconnection with asymmetry in the outflow
direction presented in Ref. 1. In particular, two assumptions
require modification. The first assumption is that the mag-
netic tension force contributes evenly to outflow from both
sides. In the simulation, however, the tension force is almost
entirely directed toward the unobstructed downstream region
because the X-line is located very close to the obstructed
exit. The second assumption is that the current sheet has

FIG. 8. �Color online� The mechanism for X-line retreat due to diffusion of
the normal component of the magnetic field in the inflow direction.
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approximately uniform thickness along the outflow direction.
However, Figs. 1�c� and 2�a� show that the current sheet has
a characteristic single wedge shape. Consequently, models
for asymmetric outflow reconnection will need to be refined
to account for these effects.

The results of this paper may have several implications
for current sheets that form in the wakes of CMEs. In these
events, the locations of the predominant X-line and flow
stagnation point are expected to be located near the base of
the current sheet �see also Refs. 18, 20, and 37�. Conse-
quently, the mass, momentum, and energy fluxes are ex-
pected to be greater in the antisunward direction. This may
provide an explanation for some of the observed properties
of CMEs: that the masses of CMEs increase after leaving the
Sun,56–58 and that CMEs are heated even after leaving the
flare site.59–62 Additionally, current sheets behind CMEs are
expected to be thinner when observed at low altitudes and
thicker when observed at high altitudes �e.g., compare the
inferred thicknesses in Refs. 16 and 18�. However, more ob-
servational and theoretical work is necessary before drawing
conclusions. A complicating factor is that CME current
sheets may be susceptible to the tearing63,64 and
plasmoid38–43 instabilities.

Effects associated with competition between multiple
competing reconnection sites are likely to have consequences
on the physics of turbulent reconnection. The model for tur-
bulent reconnection by Lazarian and Vishniac65 assumes that
outflows from each of the small-scale reconnection sites in a
large-scale current sheet do not significantly affect other re-
connection sites. The two-dimensional simulations reported
in this paper cannot fully address this problem. In future
work we will perform three-dimensional simulations with the
initial perturbations offset from each other in the out-of-
plane direction.

The resistive MHD simulations presented in this paper
are not directly applicable to magnetic reconnection in the
Earth’s magnetotail. There, two-fluid and collisionless effects
not included in the resistive MHD framework are known to
be important. Fully kinetic simulations such as those pre-
sented in Ref. 29 show many of the same features as the
double perturbation simulation presented here. Moreover, the
shape and structure of the out-of-plane quadrupole magnetic
field associated with two-fluid reconnection can be greatly
affected by X-line retreat.29,66 Hence, the NIMROD simula-
tions reported in this paper will be extended to include two-
fluid effects.
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