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Initial states in incompressible two-dimensional magnetohydrodynamics that are known to lead to
strong current sheets and �laminar� magnetic reconnection are modified by the addition of
small-scale turbulent perturbations of various energies. The evolution of these states is computed
with the aim of ascertaining the influence of the turbulence on the underlying laminar solution. Two
main questions are addressed here: �1� What effect does small-scale turbulence have on the energy
dissipation rate of the underlying solution? �2� What is the threshold turbulent perturbation level
above which the original laminar reconnective dynamics is no longer recognizable. The simulations
show that while the laminar dynamics persist the dissipation rates are largely unaffected by the
turbulence, other than modest increases attributable to the additional small length scales present in
the new initial condition. The solutions themselves are also remarkably insensitive to small-scale
turbulent perturbations unless the perturbations are large enough to undermine the integrity of the
underlying cellular flow pattern. Indeed, even initial states that lead to the evolution of small-scale
microscopic sheets can survive the addition of modest turbulence. The role of a large-scale
organizing background magnetic field is also addressed. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2458595�

I. INTRODUCTION

In this paper we explore the role of small-scale turbu-
lence in magnetic reconnection solutions, and in particular,
how robust known reconnective states are to the addition of
turbulence. As motivation, we note that magnetic reconnec-
tion is generally accepted as the mechanism underlying a
variety of energetic phenomenon in space physics, astrophys-
ics, and laboratory plasma devices. Reconnection is therefore
central to understanding plasma dynamics in the solar co-
rona, the earth’s magnetotail, galactic dynamos, and toka-
maks, e.g., Refs. 1 and 2. More specifically, in allowing
magnetic-field lines to be cut and rejoined at specialized sites
in plasmas, reconnection accounts for the energy release that
derives from changes in the plasma-field topology. The most
spectacular manifestation of reconnection is probably the
flash phase of a large solar flare, which requires a release of
some 1032 ergs in approximately 100 sec.

It should be acknowledged, however, that there are for-
midable difficulties in constructing physically plausible mag-
netic reconnection models. The simplest approaches,3,4 based
on collisional magnetohydrodynamics �MHD�, are often
compromised by the smallness of the plasma resistivity and
provide merging rates that are too slow to be physically re-
alistic. More complicated solutions have been proposed,5,6

but these have received scant theoretical and computational
support unless bolstered by ad hoc localized “anomalous”
plasma resistivities.7

In any event, it follows that if significant release of en-

ergy is required, then huge current densities involving very
large gradients in the magnetic field—“near singularities”—
must be present. Estimates of the strength and thickness of
these near singular regions in models such as that of Sweet
and Parker suggest that these solutions push the resistive
MHD approximation to its limits. Faced with this difficulty,
attempts have been made to refine classical reconnection
models by incorporating other physical effects, such as vis-
cosity, Hall currents, and/or electron inertia within an ex-
tended MHD formulation.

Another approach is to explore the new generation of
analytic resistive MHD reconnection solutions.8,9 These are
valid for arbitrarily small resistivities in both two-
dimensional �2D� and three-dimensional �3D� geometries,
and provide a convenient platform for energy release studies
and particle acceleration calculations.10,11 Questions concern-
ing the dynamic accessibility of the analytic solutions have
recently been addressed,12–14 but so far the robustness of the
solutions to turbulence has not been investigated—despite
turbulent resistivities being invoked as a remedy for unphysi-
cally high current densities. Since turbulence is likely to be
present in many systems where reconnection occurs, and in-
deed can be generated by the reconnection process,15,16 this
is a topic of some interest.

Previous work on the impact of turbulence on the mag-
netic reconnection process has often focused on how it af-
fects the reconnection rate via turbulent resistivities, hyper-
resistivities, or the addition of extra reconnection sites.16–25

Other studies have shown that laminar neutral sheet recon-
nection is unstable to two-dimensional linear perturbations
via a three-step transition-to-turbulence process.15,26,27 Here,
we investigate a slightly different aspect of the problem,
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namely how sensitive initial states known to produce recon-
nection dynamics are to the addition of small-scale turbu-
lence. We also examine the influence of small-scale turbu-
lence on the resistive scaling laws of the maximum current
and energy dissipation rate for these types of solution.

The remainder of the paper is structured as follows. In
Sec. II we outline the governing equations and the numerical
methods. In Sec. III we summarize the analytic solution of
Ref. 8, and in Sec. IV we develop a simple analytic time-
dependent solution that indicates the behavior of the indi-
vidual Fourier modes in a full 2D simulation. In Sec. V we
discuss the numerical simulations and outline the behavior of
the turbulent solutions. Our conclusions are presented in
Sec. VI.

II. THE GOVERNING EQUATIONS

We assume that the plasma is governed by the incom-
pressible, two-dimensional, viscoresistive MHD equations.
We adopt nondimensional units in which fluid velocities are
expressed in units of the Alfvén speed at some specified
point in the reconnection region, which we take as the inte-
rior of the square �x ,y�� �0,2��� �0,2��. The equations
governing the evolution of the plasma, expressed in terms of
a stream function ��x ,y , t� and a flux function ��x ,y , t�, are
the usual ones,

�t + ��,�� = �J,�� + ��2� , �1�

�t + ��,�� = ��2� , �2�

where �=−�2� is the vorticity and J=−�2� is the current
density. We employ the Poisson bracket notation

�f ,g� = fxgy − fygx,

with fx=�f /�x, etc. Here � and � are dimensionless con-
stants �inverse mechanical and magnetic Lundquist numbers�
that determine the level of viscous and resistive damping,
and the velocity v and magnetic field B are related to � and
� via

v�x,y,t� = �� � ẑ, B�x,y,t� = �� � ẑ .

Equations �1� and �2� are solved using a 2D spectral code
that employs a second-order Runge-Kutta scheme to evolve
the individual Fourier components forward in time.28 The
code is dealiased using a shifted grid technique and has been
tested over many years. When run with �=�=0 it conserves
the energy, cross helicity, and mean-square flux function for
many Alfvén times. The results of this code have been inde-
pendently verified by a finite difference code that uses
fourth-order differencing for the spatial derivatives and a
fourth-order Runge-Kutta method for evolving in time.29

For the simulations discussed in Sec. V we use initial
conditions of the form

��x,y,0� = � sin�x�sin�y� + �T,

��x,y,0� = 	 sin�x�sin�y� + 
 cos�x� + �T, �3�

where �T and �T account for the superposition of small-scale
turbulent “noise” �as discussed in Sec. V C�. In the absence

of turbulence, these conditions—with 
 an arbitrary
amplitude—provide laminar reconnection solutions,29,30

which can be compared with the analytic model of Craig and
Henton.8

III. THE CRAIG-HENTON ANALYTIC RECONNECTION
MODEL

Craig and Henton8 showed that the inviscid, but still
resistive, version of Eqs. �1� and �2� admit exact steady-state
solutions with �t=E a constant. Their solution takes the form

� = − �xy +
	

�
g�x�, � = − 	xy + g�x� . �4�

The function g�x� is given by

g�x� =
E

�

x2

2 2F2�1,1;
3

2
,2;− �2x2� , �5�

where the inverse length scale � is given by

�2 =
��2 − 	2�

2��
�6�

and 2F2�a ,b ;c ,d ;z� is a generalized hypergeometric func-
tion. Note that �� � � �	� is required to obtain a localized cur-
rent layer at the stagnation point.

Writing the solution in terms of v and B yields

v = �− �x,�y +
	

�

E

��
daw ��x�,0	 ,

B = �− 	x,	y +
E

��
daw ��x�,0	 , �7�

where the Dawson function is defined by

daw �x� = exp�− x2�

0

x

exp�s2�ds .

As daw�x� grows linearly for small x, and falls off as 1 / �2x�
for large x, this implies a flux pileup solution. This fact,
combined with the associated length scale ��1/���1/2,
yields maximum disturbance amplitudes for the flow and
field that scale as �−1/2 close to the neutral point. For 	=0
the solution degenerates to the head-on annihilation model of
Sonnerup and Priest,31 while for finite 	 the stagnation ve-
locity field is sheared and the magnetic field possesses a
sheared X-point null. The solution also predicts a fast ohmic
dissipation rate W�=��J2dV��−1/2, but only at the expense
of the maximum flow and field amplitudes increasing with
each reduction in resistivity. Indeed, in the limit of small �
this solution predicts unbounded dissipation rates; however,
as discussed in Ref. 30, these scalings can only persist in a
realistic simulation until saturation sets in. Saturation is the
process by which magnetic pressure buildup within the cur-
rent sheet eventually stalls the driving inflow �effectively re-
ducing ��.
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IV. A 2D TIME-DEPENDENT MODEL OF THE FOURIER
MODE EVOLUTION

For the case of head-on merging �	=0� it is straightfor-
ward to derive a simple analytic model that is indicative of
the Fourier mode development of the solution in the neigh-
borhood of the flow stagnation point. Assuming that the flow
is dominated by �quasisteady� linear terms in the vicinity of
the null we take

��x,y,t�  − �xy, with � � 0, �8�

and express the magnetic field as

��x,y,t� = Re�A�t�eil�t�xeim�t�y� . �9�

Substituting these prototypical forms into Eqs. �1� and �2� we
find that

l̇ − �l = 0, ṁ + �m = 0, Ȧ = − ��l2 + m2�A , �10�

which in turn imply

l�t� = l0e�t, m�t� = m0e−�t,

A�t� = A0 exp� �

2�
�m0

2e−2�t − l0
2e2�t�� . �11�

This solution highlights several features of any general solu-
tion in the vicinity of a flow stagnation point. First, it implies
that cellular structures in the field are preferentially com-
pressed along the inflow direction and stretched along the
outflow direction associated with the stagnation point. In
terms of the Fourier components of the field this would cor-
respond to a transfer of excitation to larger wavenumbers in
the x direction and smaller wavenumbers in the y direction.
In the neighborhood of the flow null the field therefore be-
comes intrinsically one-dimensional �1D� �in the case of a
3D solution the field would become intrinsically 2D and
sheet-like, or 1D and tube-like depending on the direction of
the 3D stagnation flow; see Ref. 9�. The simultaneous com-
pression and stretching of the field also lead to flux pileup
and the associated amplification of the field and current den-
sity.

The expressions derived in Eq. �11� apply only to a
single Fourier mode defined �at each instant� by the wave-
numbers l ,m. We see that rapid dissipation sets in at the
“superexponential” rate �exp�−�l0

2e2�t / �2���, once the
mode becomes sufficiently localized. More specifically, the
magnetic field has an amplitude �By � �A�t�l�t� and this in-

creases until Ȧ /A=−l̇ / l=−�. Solving this equation defines
the time ��0� of maximum dissipation for a given initial
wavenumber in the x direction,

 
1

2�
ln� �

�l0
2� . �12�

Clearly, differing initial wavenumbers l0 lead to differing lo-
calization times. Thus, although a general solution comprises
a superposition of pulses with differing arrival times, we
might expect the maximum dissipation rate to be associated
with the slowest localizations, at least provided that the
power in the initial spectrum resides mainly in the long-
wavelength modes.

Note that the deterministic perturbation we consider,
namely 
 cos�x�, represents a single long-wavelength mode
with l0=1, the same characteristic length scale as that of the
cellular flow. The form of the turbulent spectrum is discussed
in Sec. V C below.

V. THE SIMULATIONS

A. Introduction

In this section we outline the findings of a systematic
series of runs in which we study the influence of adding
increasing levels of small-scale turbulence to the original
laminar initial conditions that generate Craig-Henton-like so-
lutions. We focus mainly on the presaturation regime �see
Ref. 30�, where laminar solutions are known to closely
mimic the Craig-Henton solution. The postsaturation regime
is much more complicated and has not been studied in detail,
even in the context of laminar initial states. Here, the ex-
ample of microsheet formation29 is reexamined briefly in the
context of a turbulent initial condition.

Recall that in earlier simulation studies of laminar recon-
nection we have used initial condition �3� with the turbulence
terms turned off.29,30 In those cases the cellular sin�x�sin�y�
portion of � generates a background flow with stagnation
points at the corners and center of the computational domain.
The term in 
 introduces a reconnecting component to the
magnetic field and, if the flow is strong enough �meaning
�� � � �	��, the field disturbance localizes into intense 1D
sheets. Craig and Watson30 discovered that there is a presatu-
ration regime �
 is below some threshold value for fixed �,
	, �, and �� in which these sheets are well modeled by the
analytic Craig-Henton solution. In the postsaturation regime
the back pressures generated by the pileup field undermine
the background flow, setting up small-scale secondary ed-
dies, and although the 1D nature of the primary sheet persists
into this regime, its description in terms of the Craig-Henton
solution is no longer accurate.

B. Laminar solutions

In order to compare the turbulent and laminar results we
give here a brief summary of the latter. Presaturation solu-
tions have a well-behaved systematic evolution. A typical run
with 	=0 �i.e., head-on reconnection with no appreciable
shear in the flow and field� evolves in the following manner:
There is an initial implosion phase in which the 1D seed field
�the term involving 
 in Eq. �3�� is localized to form vertical
sheets aligned with the y axis at the center and corners of the
computational domain. These sheets mimic the Craig-Henton
model and follow the resistive scalings for the amplitude of
the current, the magnitudes of the field, and the sheet thick-
ness. These vertical sheets persist for the order of a few
Alfvén times and during this period they reconnect vertical
magnetic field and convert it into horizontal field aligned
with the x axis. The strong cellular flow pattern then advects
this horizontal field to the center of the edges of the domain
giving rise to a second set of horizontally aligned sheets that
once again obey the Craig-Henton scalings. This process is
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repeated indefinitely, with energy being removed from the
flow and field with each cycle, until the system winds down
to a flow- and field-free state.

Postsaturation behavior is far more complicated. The ini-
tial implosion phase persists and 1D sheet structures are
formed, however, these sheets no longer obey the Craig-
Henton scalings. The current magnitude still increases with
decreases in the resistivity due to the decrease in sheet width,
but the magnitude of the field in the sheet saturates at a level
comparable to the background flow strength. After the
breakup of this first set of sheets, secondary sheets still form,
but they no longer do so in an ordered regular pattern. In-
deed, the solution becomes chaotic in time. In this regime
strongly localized, short-lived, and intense current structures,
termed current microsheets, have been observed.29

C. Turbulent solutions

In this section we choose initial conditions �3� that in-
corporate perturbations �T ,�T chosen from a suitable turbu-
lent spectrum. Specifically, we use omnidirectional �angle
integrated� distributions Ev�k��Eb�k� of the form

Ev�k� �
k

1 + �k/kknee�q , �13�

where k= �k� is the Fourier wavenumber. We set q=5/3+1,
which produces a Kolmogorov spectrum for k�kknee. For the
initial conditions discussed herein kknee=5 and only a finite

band of wavenumbers is excited, between klow=5 and khigh

=20.
Hence the initial condition �3� now includes the contri-

bution

�T�x,y� = �
l,m

f

k�1 + �k/kknee�q
Re��lmeilxeimy� , �14�

where f is a normalization factor and k=�l2+m2. The �lm are
complex numbers whose real and imaginary parts are �inde-
pendent� normally distributed random numbers with mean
zero and unit standard deviation. The same form is adopted
for �T, but with different realizations for the �lm. The nor-
malization f is chosen so that the total energy per unit area of
the turbulent perturbations is given by the quantity Eturb, with
the turbulent energy evenly distributed between the field and
the flow. This equipartition of kinetic and magnetic fluctua-
tion energy is motivated by theory connected with the Alfvén
effect.32 Moreover, solar wind observations �e.g., Refs. 33
and 34� and simulation studies �e.g., Refs. 35–37� also indi-
cate approximate equipartition. Note that the energy per unit
area associated with the initial background flow and field is
��2+	2+
2� /4.

1. General behavior

Figure 1 shows the results of a series of simulations
performed with increasing levels of small-scale turbulent
perturbations included in the initial condition �3�. Each row
of plots shows the result for a different level of initial per-

FIG. 1. Time histories for the maximum current den-
sity, Jmax=max �J�x ,y��, for a series of simulations with
turbulent initial conditions. The left-hand column
shows results for individual runs while the right-hand
column compares the ensemble average of the turbulent
runs to the laminar case with no turbulence added. All
simulations have �=�=0.003 16, �=−1, 	=0, 
=0.03,
turbulence parameters klow=5, khigh=20, kknee=5, and
are performed on a mesh with nx=ny=1024. The top
row has Eturb=0.001, the middle row has Eturb=0.005,
and the bottom row has Eturb=0.03.
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turbation Eturb: In the left-hand panel we show the maximum
current over the computational box, Jmax, versus time for ten
runs with different random initial turbulent distributions. In
the right-hand panel we compare the “ensemble average” of
the ten runs on the left with the laminar solution with no
added perturbation; by ensemble average we mean that the
diagnostic quantities from all ten runs are sampled at regular
intervals and then averaged. Figure 2 shows the initial con-
dition for the � and � fields for three representative runs
from the simulations in Fig. 1, while Fig. 3 shows the same
quantities at t=4, which is near the time of current maximum
for the laminar solution for this particular set of parameters.
Several features are readily apparent from these three figures:

• For modest levels of small-scale turbulence �Eturb

�0.001� the evolution of the base state solution is virtually
unaffected.

• Even when the initial 1D background magnetic field is
totally dominated �in an energy sense, e.g., Eturb�0.03� by
turbulent perturbations, long, thin current sheets still form
at the times associated with the current maxima of the
laminar solution �i.e., the two current peaks near t=4 and 8
are still readily apparent in the ensemble average even in
the most extreme turbulent cases shown�.

• As the level of turbulent perturbation is increased there is a
strengthening period of high Jmax at short times. This is

associated with the establishment of the turbulent cascade
of energy to the dissipation scale. The first peak occurs
after approximately one nonlinear time for the turbulence,
where for our initial conditions NL�1/ �kknee

�Eturb
v �, with

kknee�5 and Eturb
v the kinetic energy of the turbulence. The

cascade activity is somewhat “bursty,” but gradually weak-
ens as the turbulence amplitude decays.

Other simulations, including those with finite 	, display
almost exactly the same features. These simulations show
that the Craig-Henton solution is remarkably robust to the
effects of turbulence. It is important to point out that in the
simulations presented here the turbulent energy is always
distributed evenly amongst the field and the flow. On the
other hand, for our usual background state with �=−1 and

=0.03, the kinetic energy dominates by the factor �2 /
2

�103. Thus, the background field is more disrupted by the
addition of the turbulence than the background flow. For ex-
ample, Eturb=0.01 corresponds to a 4% addition to the total
energy, comprising a 2% addition to the kinetic energy and a
2200% addition to the magnetic energy. As the simple model
of Sec. IV and the simulations show this is not a major
problem as the field has a natural tendency to become 1D in
the neighborhood of a flow stagnation point. Therefore, it is
the turbulence associated with the flow that is much more
damaging to the solution. Once the turbulence is strong

FIG. 2. Initial conditions for a selection of simulations
from Fig. 1. The top row is the initial condition for the
laminar case with Eturb=0, the middle row has Eturb

=0.001, and the bottom row has Eturb=0.03.
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enough to significantly disturb the flow in the vicinity of its
stagnation point�s� then the Craig-Henton-like solution will
break down.

It is worth noting that in all the simulations discussed
herein the disparity between the length scales of the base
state and the turbulence is important. The characteristic
wavenumber for the base state is �1, whereas that for the
turbulence is �5. If instead these two wavenumbers differed
by a factor of 2 or less, the turbulence would then strongly

disrupt the base flow, leading to a weaker influence of the
laminar reconnection dynamics on the development of the
perturbed system.

Furthermore, because of this length-scale disparity, even
runs with Eturb values that substantially exceed the total en-
ergy of the base state still generate current sheets akin to
those that develop from the unperturbed base state at t
�4,8 �referred to hereafter as laminar-related sheets�. Evi-
dently, even though the magnetic �and kinetic� fluctuations

FIG. 3. The flow and the field at t=4 �near the time of
current maximum� for the same cases as in Fig. 2.

FIG. 4. Time histories of Jmax and W�

for runs with Eturb values ranging from
0 to 1. All runs have �=�=0.003 16,
�=−1, 	=0, 
=0.03, and nx=ny
=512.
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are energetically large, the dynamics associated with the
large-scale cellular flow pattern of the base state still exerts
considerable influence. This can be seen in Fig. 4�a�, which
compares the time histories of Jmax for a sequence of runs
with Eturb increasing from zero up to unity �which is four
times the energy in the base state�. The largest turbulence
level for which Jmax�t� still closely follows the laminar case
is Eturb�0.01. However, in each run significant peaks near
the times of the laminar maxima �t�4,8� are clearly evi-
dent, despite the increasing background to Jmax and the in-
creasingly dominant values of Jmax prior to t�2 �both factors
due to the turbulence dynamics�.

Also shown in Fig. 4 is the time history of W� for the
same set of runs as in panel �a�. The total resistive dissipation
is largely unaltered when Eturb�0.01, except before t�3,
when the first laminar-related sheet is still nascent. For larger
turbulence levels, there are many localized regions where the
field gradients are sharp�ish� and their contributions to W�

are significant. This is in contrast to the unperturbed case
where essentially only the regions close to the laminar cur-
rent sheets make sizable contributions to W�. Similar com-
ments apply to the viscous and total dissipation �not shown�.

The above results indicate that the development of the
laminar-related current sheets is relatively robust to the tur-
bulence level. This raises several interesting questions about
the role that the background field plays. To determine the
influence of the large-scale field we performed a series of
runs with and without a base-state field. Figure 5 compares
some quantities from three runs related to this scenario. In
each panel the solid curve is the data from a standard laminar
run with a background field but no turbulence. We denote
this background field by B0. The other two runs have Eturb

=0.01 and identical initial turbulence realizations; however,
the B0 is present in one case �
=0.03: dashed curve�, but not
in the other �
=0: dotted curve�. Looking first at the Jmax

panel, the turbulence simulations suggest that for this Eturb

and prior to t�2, the presence or absence of the background
field is essentially irrelevant, with the two curves being al-
most indistinguishable. Subsequently, however, the run with
no B0 produces current maxima which are weaker and seem-
ingly largely independent of the laminar-related sheets, while
the run with a background field clearly retains the large-scale
laminar sheets.

As can be deduced from the W� panel, the background
field and the large-scale sheets enable significantly more dis-
sipation of magnetic energy to occur. Indeed, given the simi-
larity of the results from the two turbulence runs for t�2
�broken curves�, and their quite different character at later
times, it is evident that it is the background field rather than
the presence of small-scale turbulence which is important
here. Thus, a field on the scale of the background flow can
provide a significant boost to the amount of reconnection
occurring, even when that field is weak compared to smaller-
scale magnetic fluctuations. The mechanism behind this pro-
cess can be understood by examining the panel for the mag-
netic energy, Eb. For this quantity too, the two turbulence
runs are similar at early times and different at later times,
whereas the two background field runs become more similar
as t increases. Recall that the presence of a background mag-
netic field supports the development of Alfvén wave activity;
that is, it enables energy to be transferred between the flow
and the field. For our initial conditions the kinetic energy is
dominant, and thus the wave activity provides a replenish-
ment of magnetic energy without altering the kinetic energy
as strongly. Because of this replenishment, reconnection can
continue to be dynamically important, including the dissipa-
tion of magnetic energy at a higher rate. We regard this iden-
tification of the importance of a large-scale magnetic field,
weak or strong, to the current sheet formation/dissipation
process as a key finding in this study.

In the final panel of Fig. 5, we show the total �kinetic
plus magnetic� energy for each run. The turbulence runs de-
cay more rapidly at early times due to the cascade of energy
to small scales. However, for t�2 the run with no B0 decays
at a significantly slower rate than those with a B0. By t�8
the magnetic energy of the no B0 run has been substantially
depleted and its dissipation is also weak �see W� panel�.
Thereafter the dissipation is dominated by the essentially
laminar �and thus slow� viscous dissipation of the flow. In
contrast to this, the runs with a B0 have a roughly constant
level of magnetic energy at later times, and a similarly con-
stant W�. Furthermore, their W� values are only a little
smaller than the total viscous dissipation rates.

These three runs also exhibit spectral differences, as can
be seen in Fig. 6 which displays their kinetic- and magnetic-
energy spectra at t=4. Comparing the first two panels, which
both have a B0, one observes that the addition of turbulence
leads to a much stronger set of velocity fluctuations, al-
though still weaker than the magnetic ones at most wave-
numbers. On the other hand, the magnetic spectra are rather
similar; the turbulence has led to a smoothing of the saw-
tooth pattern evident in the left-hand panel and an increase in
the amplitude at most wavenumbers. For the run with no
background field �right-hand panel�, the most notable differ-
ence is the much lower amplitude of the magnetic spectrum

FIG. 5. Time histories of Jmax, W�, magnetic energy, and total energy for
two runs with the same initial Eturb, but either with �dashed line� or without
�dotted line� a background magnetic field. Also shown is the “standard” case
�solid line� with a background field but no turbulence. Each run has �=�
=0.003 16, �=−1, 	=0, and nx=ny=512.
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at wavenumbers smaller than those present in the turbulent
initial conditions. Some back transfer of magnetic excitation
to large scales has occurred, but at k=1 the level is still down
by a factor of 100 compared to the background field cases.
As noted above, this restricts the development of Alfvén
wave activity.

2. Scalings

We now turn to another interesting question on the ef-
fects of turbulence. Namely, can small-scale turbulence sig-
nificantly alter the reconnection scalings associated with the
Craig-Henton solution? To examine this question we per-
formed a series of runs at various values of the resistivity
�keeping �=�� with all other parameters fixed. For each
value of � ten simulations were carried out starting with
different random turbulent initial conditions. The diagnostics
of the maximum current over the computational box, Jmax,
and the Ohmic dissipation rate, W�, were ensemble averaged
and then their peak values at the time of the first laminar-
related sheet were plotted against �.

These diagrams are shown in Fig. 7. The dotted line in
each panel shows the appropriate scaling of the unperturbed
Craig-Henton-like solution. This figure shows that the funda-
mental scalings do not appear to be significantly affected by
the addition of this level of turbulence. The scaling for Jmax

is in excellent agreement with the unperturbed solution,
while the scaling curve for W� has some noticeable differ-
ences. Indeed, small-scale turbulence appears to allow for
faster Ohmic dissipation rates as � is reduced. This is not
surprising given that in a turbulent simulation there are a
multitude of small secondary current structures in addition to
the main current sheets, and all of these sites dissipate en-
ergy. However, although the Ohmic dissipation rate for the
turbulent solution is enhanced above that of the laminar so-
lution �by approximately a factor of 2� it still seems to
closely obey the W���−1/2 scaling law of the Craig-Henton
solution.

Finally, we remark on the effect of the addition of tur-
bulence to the reconnection rate. Note that in the analytic
Craig-Henton solution the reconnection rate �t=E is a con-
stant. For the laminar simulations the reconnection rate is
time dependent �as a steady state is not possible in the dou-
bly periodic geometry� and for time-dependent solutions the
instantaneous reconnection rate is given by the rate of
change of flux at the neutral point �t=−�JNP, where JNP is
the current at the neutral point. In the laminar case JNP cor-
responds to the maximum current over the box �once the
main sheet has formed�. The difficulty in determining this
quantity in a turbulent run is that the neutral point is con-
stantly being buffeted and so its position is changing. There
is also no guarantee that the current at the neutral point will
be the global maximum. Monitoring the reconnection rate in
this case involves the difficult task of tracking the location of
the neutral point. In this paper we have chosen not to do this
and instead have used global measures such as Jmax and W�

to monitor the reconnection. However, for modest levels of
turbulence the Jmax curves will still provide a reasonable ap-

FIG. 6. Kinetic- �dashed� and magnetic- �solid� energy spectra from the
three runs in Fig. 5, at t=4. The initial conditions are also shown, with the
background state components denoted with diamonds and the turbulence
components by the curves between k=5 and 20 on the two lower plots. Note
that in the turbulent runs initially the background magnetic field is consid-
erably weaker than the turbulence. Top: no turbulence. Middle: background
magnetic field with turbulence. Bottom: no background magnetic field.
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proximation to the reconnection rate and highlight the fact
that it will typically become increasingly bursty as the level
of turbulence is increased.

3. Microsheets

In a previous paper29 it was pointed out that in the post-
saturation regime �increasing 
 above a certain threshold for
all other laminar parameters fixed� certain simulations de-
velop very intense small-scale secondary current sheets re-
ferred to as current microsheets. As these current sheets seem
to require a high degree of symmetry in the flow and the field
to form, it is natural to ask whether they can survive the
addition of turbulent perturbations.

Figure 8 shows surface plots of the current over the pe-
riodic computational box for two current microsheet simula-
tions. The top panel is the current for a laminar simulation;
the current microsheet is the large spike-like feature in the
center �and corners� of the domain �note the image has been
moved by half a period in the y direction in order to place the
microsheet in the middle of the viewing window�. The bot-
tom panel shows the formation of a microsheet for the case
of a weakly turbulent simulation. The effects of the turbu-
lence are most noticeable in the low current regions and in
the “gap” that has developed in the large-scale current sheet
on the top left of the turbulent simulation plot.

Current microsheets do indeed survive the addition of
modest levels of turbulence as the simulation in Fig. 8 for
Eturb=0.0005 shows. Our results go some way to easing the
concern that microsheets can form only when unrealistic
symmetries are present. Specifically, at the present level of
turbulence, about 70-80% of simulations started with random
initial conditions contain microsheets. As Eturb is increased
this percentage drops quite rapidly �down to �10% for
Eturb=0.005�, but there is some evidence that microsheets for
simulations with smaller values of � and � are more robust.
However, these turbulent simulations begin to develop ex-
tremely small-scale structures that are beyond the limits that
present desktop computer simulations can resolve.

VI. CONCLUSIONS

In this paper we have examined the influence of small-
scale turbulent perturbations on a family of laminar recon-
nection simulations related to the analytic solutions of Craig
and Henton.8 We have found that for modest levels of turbu-
lence, the underlying large-scale features of the laminar so-
lution are robust and even the intrinsic scalings of the prob-
lem with plasma resistivity are retained. Some modest
enhancement of the energy dissipation is observed, but this is
mainly due to the additional small-scale structures inherent
in the turbulent initial conditions.

These results are somewhat at odds with other analyses
of the effects of stochasticity on magnetic reconnection �e.g.,
Ref. 21�, which suggest significant enhancements to the re-
connection and energy dissipation rates. There are several
possible reasons for these differences. Firstly, we have exam-
ined a distinct kind of turbulence. The parameter space of
initial turbulent perturbations is large and we have restricted
attention to a small set of cases with initial turbulent length
scales significantly smaller than those of the background
fields. Secondly, we have only considered 2D reconnection.
In 3D the extra degree of freedom allows the braiding and
knotting of field lines and the dissipation of these structures
may result in enhanced energy release rates. Thirdly, and
perhaps most importantly, we are studying a somewhat dif-
ferent form of reconnection here to most traditional models.
In our simulations we are dealing with flow-driven merging
in the super-Alfvénic �vrms�VA� limit, where very strong
flows ram field together. In such solutions, localized distor-
tions that form in the vicinity of the current sheet are rapidly
compressed in the inflow direction yet stretched out along
the sheet �see Sec. IV�. It follows that turbulence-induced
null points that might provide additional reconnection sites
are usually rapidly ejected from the sheet.

A key element in the initial conditions of our computa-
tion is the presence of a low amplitude but large-scale “seed”
�or background� magnetic field. Comparison simulations
made with and without such a field show that reconnection
currents are significantly enhanced when the seed field is

FIG. 7. Scaling laws associated with the first laminar-related current sheet. Left: scaling of the maximum current Jmax with resistivity �. Right: scaling of the
Ohmic dissipation rate W� with �. In both panels the ��� symbols connected by the solid lines indicate the turbulent solutions and the ��� symbols indicate
the unperturbed laminar solutions. The dotted lines in each panel are Jmax��−1 and W���−1/2 fits to the laminar data. Data points for the turbulent
simulations represent the appropriate value for an ensemble average of 10 simulations started with random turbulent initial conditions. Each simulation has
�=�, �=−1, 	=0, 
=0.01, Eturb=0.001, and resolutions ranging from nx=ny=512 for �=10−2 to nx=ny=2048 for �=10−4.
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present. This implies that a field on the scale of the back-
ground flow can significantly boost the reconnection rate,
even when it is energetically swamped by smaller-scale tur-
bulent fluctuations. An important role of such a background
field is to support the development of large-scale Alfvén
wave activity in the system. The excited waves will transfer
energy from the �strong� flow to the magnetic field, where it
is then subject to other �nonviscous� dissipation mechanisms,
and in particular, to reconnection.

We have also explored the question of whether turbulent
effects can upset the development of small-scale secondary
current sheets that form during the later stages of merging
simulations. The fact that secondary sheets can still persist in
the presence of modest turbulence suggests that rigid merg-
ing symmetries should not be regarded as necessary for ei-
ther large-scale sheet or microsheet development.

In closing we note that there is still much work to be
done on both the turbulence-modified and fully turbulent re-
connection problems. In particular, we have begun a study of
the three-dimensional case, including Hall current effects.
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