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Magnetic reconnection in an antiparallel uniform Harris current sheet equilibrium, which is initially
perturbed by a region of enhanced resistivity limited in all three dimensions, is investigated through
compressible magnetohydrodynamic simulations. Variable resistivity, coupled to the dynamics of
the plasma by an electron–ion drift velocity criterion, is used during the evolution. A phase of
magnetic reconnection amplifying with time and leading to eruptive energy release is triggered only
if the initial perturbation is strongly elongated in the direction of current flow or if the threshold for
the onset of anomalous resistivity is significantly lower than in the corresponding two-dimensional
case. A Petschek-like configuration is then built up for;102 Alfvén times, but remains localized in
the third dimension. Subsequently, a change of topology to an O-line at the center of the system
~‘‘secondary tearing’’! occurs. This leads to enhanced and time-variable reconnection, to a second
pair of outflow jets directed along the O-line, and to expansion of the reconnection process into the
third dimension. High parallel current density components are created mainly near the region of
enhanced resistivity. ©2000 American Institute of Physics.@S1070-664X~00!00101-4#
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I. INTRODUCTION

The reconnection of magnetic field lines is one of t
fundamental processes that lead to the eruptive releas
stored magnetic energy in plasmas. A large number of
servations and experiments, e.g., solar flares,1,2 geomagnetic
substorms,3 the sawtooth instability in fusion experiments4

and laboratory reconnection experiments,5,6 support this hy-
pothesis. Magnetic reconnection is important for the evo
tion of magnetohydrodynamic~MHD! instabilities~e.g., the
tearing mode7 and magnetic island coalescence8–10! in cur-
rent sheets which are generally involved in the energy
lease process. It is also important at the dissipative scale
MHD turbulence.11,12 To explain the short time scales of th
energy release processes in spite of large values of
Lundquist numberS5m0LVA /h0 , fast reconnection model
have been proposed but are generally restricted to t
dimensional ~2D! geometry, including the stationar
Petschek model13 and the spontaneous fast reconnect
model.14 Both these models are one-fluid descriptions
which resistivity provides the nonideal effect required f
reconnection and in both models the resistivity is localized
the central magnetic X-point.

Models distinguishing between electron and ion effec
such as Hall MHD,15,16 two-fluid MHD,17 or kinetic
treatments,18,19permit still higher reconnection rates, even
the absence of resistivity. However, all these models req
significant computational effort, which still prevents follow
ing the evolution of microscopic perturbations to large s
tial and temporal scales in three dimensions.
1081070-664X/2000/7(1)/108/14/$17.00
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In the spontaneous fast reconnection model, a cur
sheet equilibrium is initially perturbed by a localized regio
of enhanced~anomalous! resistivity in the sheet center
which leads to the development of a simple X-point stru
ture. Anomalous resistivity is permitted to occur in th
model also at later times of the evolution if a threshold of t
local current densityj or of the local electron–ion drift ve-
locity vD5(mi /e) j /r is exceeded (mi—ion mass,
e—elementary charge,r—mass density!. This couples the
reconnection-driven flow to the evolution of the resistivi
and enables a positive feedback that amplifies the dynam
in the reconnection region. This mechanism is of particu
interest for eruptive energy release events since it involve
threshold for onset, is initially self-amplifying, and is fas
i.e., it leads to rates of magnetic flux change at the magn
null point ~reconnection rates! higher than the Sweet–Parke
rate20,21 and to Alfvénic outflows.

Several basic 3D effects of magnetic reconnection h
already been analyzed in simulations using temporarily
spatially constant resistivity such as the diversion of curr
flow by the reconnection-driven outflow,22–25 the creation of
interlinked magnetic flux tubes by multiple areas of e
hanced resistivity,26 and the tunneling of magnetic flu
tubes.27 The very question of the formation and maintenan
of the spontaneous fast reconnection process in a th
dimensional system with dynamically coupled resistivity h
only recently been investigated by Ugai and Shimizu.28 The
latter authors generalized the 2D model by introducing
three-dimensional initial perturbation by anomalous resis
ity han(x,y,z,t) in a triple current sheet geometry with ant
© 2000 American Institute of Physics
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parallel magnetic field,B5B(y)ex . By varying thez exten-
sion of the initial perturbation, they found that th
spontaneous fast reconnection process occurs also in 3D
only if the region of perturbation is strongly anisotropic, e
tending in thez direction by at least 4 current sheet width

Such an anisotropy with preferred elongationacrossthe
magnetic field cannot be expected to occur spontaneo
without additional assumptions. In magnetized hot plasm
where the mean free path exceeds the ion cyclotron rad
lmfp@r ci , spatial scales along the field are generally mu
larger than the scales across the field. The results of Ugai
Shimizu therefore cast doubt on the usefulness of the sp
taneous reconnection model to explain large-scale energ
lease events, such as solar flares or magnetospheric
storms. In this paper we extend their study and fi
parameter settings that permit us to relax the requiremen
the anisotropy of the initial perturbation.

Ugai and Shimizu further suggested that a qua
stationary regime of fast reconnection, similar in structure
Petschek’s model, is reached after several 101 Alfvén times
(tA) if the initial perturbation is chosen to be sufficient
anisotropic~so that the 3D reconnection process evolves i
manner similar to the well-known 2D behavior!. This aspect
is also important with regard to astrophysical applicatio
because the energy release events typically last severa
ders of magnitude longer than the period of time that can
followed in a numerical experiment. Whether stationa
Petschek-like reconnection is possible is still a matter
debate.29 The observations of solar flares, for example, s
gest that the energy release is typically highly variable
time.30 Two-dimensional numerical experiments on reco
nection have shown that the process of ‘‘secondary tearin
which changes the topology to form a central O-point a
possibly a sequence of new X-points, accompanied by hig
variable reconnection rates, can be important at*102tA .31

We have therefore integrated the equations for several 102tA

to study at least the beginning of the long-term evolution
the three-dimensional system and to see whether a~quasi-!
stationary state is approached.

Furthermore, the ‘‘standard’’ equilibrium, the Harr
current sheet, is used in this paper without additional curr
sheets at the upper and lower boundaries of the box~which
slows down the initial evolution of the system somewhat
comparison to the equilibrium employed by Ugai a
Shimizu!. The investigation is also restricted to an initial
antiparallel magnetic field configuration~neutral current
sheet!, for which the comparison to the two-dimensional ca
is most direct. The presence of a magnetic guide field co
ponent,BzÞ0, leads in a three-dimensional system to a fu
damentally different topology by breaking the symme
with respect to the midplanes of the system and will be c
sidered in a separate paper.

The outline of the paper is as follows. In Sec. II w
present the equations and the numerical method. In the
section we describe the qualitatively new properties of
three-dimensional dynamics and compare them with the t
dimensional case. The influence of several parameters,
as the anisotropy of the initial perturbation, the threshold
but
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the onset of anomalous resistivity, and the plasma beta on
build-up of fast reconnection is considered. A study of t
long-term evolution (.102tA) of the reconnection rate un
der the influence of secondary tearing in 3D is performed
the first time. We discuss the occurrence of parallel curre
and relate it to the current helicity density to explain ne
findings that extend previous results.22–25In Sec. IV we give
the conclusions and a discussion of the applicability to as
physical phenomena, such as solar flares.

II. SIMULATION MODEL

The compressible MHD equations are employed in
following form:

] tr52“•~ru!, ~1!

r] tu52r~u–“ !u2“p1 j3B, ~2!

] tB5“3~u3B!2“3~h j !, ~3!

] tU52“–S, ~4!

where the current densityj , the total energy densityU, and
the flux vectorS are given by

j5
1

m0
“3B,

U5rw1
r

2
u21

B2

2m0
,

S5S U1p1
B2

2m0
Du2~u–B!

B

m0
1h j3

B

m0
,

andw is the internal energy per unit mass, which is related
the pressure through the equation of state,p5(g21)rw.
The ratio of specific heats isg5 5

3. The electric field is given
by

E52u3B1h j . ~5!

An antiparallel Harris equilibrium~a neutral current
sheet! with uniform density is chosen as the initial conditio

Bx52B0 tanh~y/ l CS!, ~6!

By5Bz50, ~7!

ux5uy5uz50, ~8!

r5r0 , ~9!

p5~11b!B0
2/~2m0!2Bx

2/~2m0!, ~10!

where the plasma beta is defined asb52m0(uyu→`)/B0
2.

The variables are normalized by quantities derived fr
the current sheet half widthl CS and the asymptotic
(uyu→`) Alfvén velocityVA5B0 /(m0r0)1/2 of the configu-
ration att50. Time is measured in units of the Alfve´n time
tA5 l CS/VA , and p, E, j , and h are normalized by
B0

2/(2m0), VAB0 , B0 /(m0l CS), andm0l CSVA , respectively.
The normalized variables are used henceforth.

The magnetostatic equilibrium is initially perturbed by
three-dimensional anomalous resistivity profile. An ellipso
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TABLE I. Parameters of the three-dimensional simulation runs. The resolutionsDx0 , Dy0 , Dz0 refer to the inner uniform part of the nonequidistant gri
whose size is given byLx8 , Ly8 , andLz8 .

Run l x l z vcr b Lx Ly Lz Dx0 Dy0 Dz0 Lx8 Ly8 Lz8 han(t.t0)

1 0.8 1 3 0.15 20 4 25 0.10 0.045 0.075 3 1 2 no
2 0.8 8 3 0.15 90 4 40 0.10 0.045 0.25 10 1 3 yes
3 0.8 0.8 1.5 0.15 90 4 10 0.10 0.045 0.025 10 1 1.3 yes
4 4.0 1 3 0.15 40 4 20 0.10 0.045 0.1 3 2 3 no
5 16.0 1 3 0.15 40 4 20 0.10 0.045 0.1 3 2 3 no
6 0.8 1 3 0.015 20 4 25 0.10 0.045 0.075 3 1 2 no
7 0.8 1 3 0.0015 20 4 25 0.10 0.045 0.075 3 1 2 no
8 0.8 1 3 1.5 20 4 25 0.10 0.045 0.075 3 1 2 no
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of enhanced resistivity is put into the simulation domain
the origin for 0<t<t0 , similar to the model used by Uga
and Shimizu:28

h~x!5C1 exp@2~x/ l x!
22~y/ l y!22~z/ l z!

2#. ~11!

In all simulationst0510, C150.02, andl y50.8. The elon-
gation of the initial perturbation in thez direction is varied in
the rangel zP@0.8,8#. Also the elongationl x is varied in a
few runs from the standard valuel x50.8. For t.t0 the re-
sistivity is determined self-consistently from the local val
of the relative electron–ion drift velocity vD

5(mi /eB0tA) j /r for every time step: an ‘‘anomalous’
value,han, is set if a threshold,vcr , is exceeded. The resis
tivity model for t.t0 is given by

h~x,t !5H 0: uvDu<vcr ,

C2

~ uvD~x,t !u2vcr!

v0
: uvDu.vcr .

~12!

HereC250.003, and the threshold valuevcr is varied in the
rangevcr5(1.123)v0 , wherev05uvD(0)u.

The choice ofvcr implies an assumption on the initia
current sheet half width:l CS(t50)5(vcr /v0) l cr , wherel cr is
the critical current sheet half width. Using the ion therm
velocity as an order-of-magnitude estimate of the criti
electron–ion drift velocity for the onset of kinetic curren
driven instabilities and the excitation of anomalous resis
ity, vcr;(Ti /mi)

1/2, Ampère’s law yields l cr;4b21r ci ,
where r ci is the ion cyclotron radius. The critical curren
sheet half width can be much larger than the scale length
which the Hall and the pressure gradient terms in the ge
alized Ohm’s law become important. These are, respectiv
the ion inertial length,di5c/vpi , and dib/4. The above
estimate yieldsl cr;2b21/2di . Thus, in the range of bet
values where magnetic reconnection is energetically imp
tant, b&1, one can expect that the excitation of anomalo
resistivity plays a role during the formation of thin curre
sheets (l CS;di) at the same time as, or even before, the H
and pressure gradient terms become significant.

Equations ~1!–~4! are integrated on a nonequidista
Cartesian grid with uniform resolution in a range around
origin and slowly degrading resolution toward the ou
boundaries ~see Table I!. A two-step Lax–Wendroff
scheme14,32 is used. To ensure numerical stability, artifici
smoothing is applied to all variables integrated by t
scheme after each full time step in the following manner
t

l
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Ci jk
n →sCi jk

n 1
12s

6
~C( i 11) jk

n 1C( i 21) jk
n 1Ci ( j 11)k

n

1Ci ( j 21)k
n 1Ci j (k21)

n 1Ci j (k11)
n !.

The smoothing parameters is set in the range@0.97,0.99#, as
required by the different runs. A variable time step is chos
to limit the numerical diffusion32 and to satisfy the Couran
criterion.

Since both the equilibrium and the initial perturbatio
possess spatial symmetry andBz(t50)50, all variables re-
main even or odd with respect to the midplanes through
the evolution, and the simulation domain can be restricted
one octant of the cube@2Lx ,Lx#3@2Ly ,Ly#3@2Lz ,Lz#.
The boundary conditions are thus symmetric at the pla
x50 ~whereBy , Bz , ux are odd!, y50 ~whereBx , Bz , uy

are odd!, andz50 ~whereBz , uz are odd!, with even mir-
roring of the other integration variables. Open boundary c
ditions are realized at the other three boundary planes by
requirement that the normal derivatives of all variables v
ish, except for the normal component ofB, which is deter-
mined from the solenoidal condition.

III. RESULTS

A. Initial evolution

The first two phases in the evolution of the perturb
current sheet are largely similar to the two-dimensional ca
The Ohmic dissipation by the localized initial resistivi
causes a short (0,t&2tA), transitory phase of expansion o
the heated plasma into all directions. This is soon termina
because the main effect of the perturbation is the reconn
tion of magnetic field lines and the resultingBy component
leads to predominant acceleration of plasma out of the p
turbed region by the Lorentz forcef x'2 j zBy . The pressure
then starts to decrease locally~already att'1tA!, which
reverses the initial expansion iny andz and causes accelera
tion of plasma in this second phase into the area of the
turbation. In a 2D system the inflow is in they direction
only, carrying new magnetic flux into the region. This e
ables continuation of the reconnection process and, in l
phases, its amplification by re-creating high current densi
and the corresponding anomalous resistivity.14 In the 3D sys-
tem, however, the inflow is driven by forces in they and z
directions @Fy,z5(2“p/21 j3B)y,z#. The inflow in thez
direction generally acts to reduce the inflow in they direction
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FIG. 1. Magnetic field, current density, and velocity in the planez50, and velocity in the planex50 for run 1 (l z51) at t524 ~left panels! and for run 2
( l z58) at t548 ~right panels!. The maximum outflow velocities are max(ux)50.23 for both runs. The gray shaded area is the region where anoma
resistivity is excited. The peak values of the velocity components in the bottom panels areuuyu'0.02 anduz'0.1 for both runs.~Peak velocities for run 2 at
t524 are about half the values given here.! Peak current densities are max(j)51.7 ~run 1! and max(j)53.0 ~run 2!.
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necessary for ongoing reconnection. For smalluFz /Fyu, the
fast reconnection regime is set up, similar to the 2D case
a slab around the planez50. Otherwise the dominant inflow
uz strongly reduces the inflowuy and, correspondingly, the
reconnection during the second phase. This leads to a w
ening of the driving outflowux . Subsequently the inertia o
the uz flow causes a pressure increase in the center of
perturbed region and a second reversal ofuy , and the recon-
nection ceases. The magnetic X-line configuration then
ther diffuses away or undergoes a transition to an O-line
place of the former X-line as a result of the reverseduy flow.
Clearly, l z is the parameter that controls the ratio of force
with uFz /Fyu→0 for l z→`. Since the development of fas
in
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reconnection does not require a vanishingFz , there is a fi-
nite valuel z* above which fast reconnection occurs in a 3
system.

It might be expected thatl z* is rather large, since the
acceleration of the fluid in thez direction is qualitatively
different from the acceleration in they direction. Along thez
axis, the Lorentz force vanishes due to the symmetry of
considered system, and only the pressure gradient2]zp/2
can accelerate the fluid. In they direction, the acceleration is
determined by the balance between the pressure grad
2]yp/2, which remains directed outward as in the initi
equilibrium, and the inward-directed Lorentz forcef y
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'jzBx . Both quantities are tightly coupled during the who
evolution with their sum being much smaller than each in
vidual component. Therefore, dominance of the inflowuz

might be expected foru]zp/2u*u j zBx2]yp/2u, i.e., values of
l z of the same order asl x and l y . This is in line with the
conclusions by Ugai and Shimizu.28 However, it will be seen
below that l z* depends strongly on other parameters in
system and is not necessarily large.

B. Build-up of fast reconnection

Figure 1 shows the evolution of the Harris sheet at ch
acteristic times forl z51 and l z58, usingb50.15 andvcr

53. In the system withl z51 ~run 1 in Table I! the flow uy

is already reversed~directed away from the reconnection r
gion! by the inertia of theuz inflow and reconnection ha
already stopped byt524. Also the field lines in the plane
z50 no longer possess the pure X-type topology, charac
istic of reconnection, which was enforced during the init
perturbation (t,t0510). No anomalous resistivity occurs i
this run aftert5t0 , and characteristic quantities, such as
outflow velocity and the current density, decrease sub
quently. In contrast, forl z58 ~run 2 shown att548) the
field lines and the flow in the planez50 are identical to the
picture known from 2D systems after those have evolv
into the fast reconnection regime, where anomalous resis
ity is again excited. Also the current density ridges near
separatrices of the magnetic field are clearly developed, w
the maxima ofj 5u j u and han lying at x50. The maximum
outflow velocity max(ux) rises continuously until it become
Alfvénic at t'160—before the boundary atuxu590 is
reached.

Runs 1 and 2 are in general agreement with the result
Ugai and Shimizu.28 The removal of the pair of oppositel
directed current sheets at the upper and lower boundar
the numerical box and the more gentle profile of the curr
density in the Harris equilibrium used here raise the m
mum elongation of the initial resistivity, for the developme
of fast reconnection, somewhat to a valuel z* ;8. The need to
search for parameter settings that render such a strong
quirement unnecessary is thus even strengthened.

FIG. 2. Magnetic field lines passing throughx530 andz50, l z , 2l z , re-
spectively, for run 2 (l z58) at t595.
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Simply enlarging thex extent of the perturbation (l x)
does not support the development of fast reconnection s
the initial configuration is then closer to the Sweet–Par
configuration. This possesses smaller reconnection rates
a configuration with more localized resistivity~runs 4 and 5
in Table I; see also Sec. III D!. Applying the initial perturba-
tion for a longer time appears to be reasonable because

FIG. 3. Surfaces of constant current densityj 5u j u for run 2 (l z58). ~a! The
20 per cent level of max(j)54.0 ~located at the origin! at t595. ~b! The 10
per cent level of max(j)55.8 ~located at the origin! at t5190 ~before plas-
moid ejection!. ~c! The 10 per cent level of max(j)54.9 located at the new
X-lines at t5354 ~after plasmoid ejection!.
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FIG. 4. Magnetic field, current density, and velocity for run 3 (l z50.8) att524 in the planez50 ~left panels! and in the planez5z150.225, which contains
the maximum ofhan at this time~right panels!. Anomalous resistivity~gray shaded! is excited only forzÞ0 at this time. Peak velocities areux(z50)
50.25, uy(z50)50.034,ux(z5z1)50.22, uy(z5z1)520.01. Peak current densities are max@ j(z50)#51.3 and max@ j(z5z1)#51.8.
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collisional time scale, at which spontaneously crea
anomalous resistivity is expected to decay, can be m
longer than the Alfve´n transit timetA of the thin sheets
forming in cosmic plasmas. However, this does not cha
the result forl z51: if the initial perturbation is applied for a
longer time~e.g., t0530), the reversal of the flowuy and a
transition from X-type to O-type magnetic topology occ
before the perturbation is switched off, and again no ano
lous resistivity is excited afterwards.

Another obvious modification consists in lowering th
thresholdvcr for the onset of anomalous resistivity. This p
rameter is usually set at an intermediate value for numer
convenience, to both enable recurrence of anomalous r
tivity and to avoid its excitation over widespread regions
the box. A typical value in two-dimensional simulations
vcr53. From a physical point of view, a low value ofvcr

only slightly exceeding unity would be most reasonable fo
study of spontaneous reconnection in cosmic plasmas, s
it corresponds to a configuration in which the gradient sca
in x andz are much larger than the current sheet width a
the onset of resistivity enhancement in one place results f
small fluctuations or a slight systematic inhomogeneity. W
have therefore integrated the system withl z5 l x5 l y50.8 us-
d
h

e

a-

al
is-
f

a
ce
s

d
m
e

ing vcr51.1–1.5 and obtained similar dynamical behavior
this whole range, including re-excitation of anomalous res
tivity. This counteracts the general diffusion that dominat
run 1 and enables build-up of a long-lasting spontaneous
reconnection regime. The structures and dynamics in
case are only partly similar to the 2D system and will
explored further by run 3 in subsequent sections.

Finally, we consider very small values ofb permitting
higher compressibility of the plasma. This should render
citation of anomalous resistivity according to Eq.~12! easier,
since a higher pile-up of magnetic flux and current dens
and stronger density reductions, are enabled. It turns
however, that reducingb below our standard value of 0.1
leads to only a minor increase~less than one per cent! of the
maximum electron–ion drift velocity that is attained durin
the evolution. Generally, the influence of the plasma beta
the evolution of the considered systems has been found t
very weak in the rangeb50.0015– 1.5~runs 6–8 in Table I!.

Summarizing this parametric search, we find that app
priate setting of the threshold for the onset of anomalo
resistivity enables the build-up of spontaneous reconnec
in the case of an isotropic initial perturbation.
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C. Structure of the reconnection region with a central
X-line

First we discuss the casel z58 ~run 2!. The three-
dimensional structure of the current sheet at times of a f
developed fast reconnection regime shows that the dyna
is surprisingly well confined to a slabuzu&2l z around thez
50 plane. This is a consequence of the inflowuz , which
continues as long as the central X-line exists and inhi
spreading of the reconnection process inz, of the absence o
a guide field component, and of the neglect of viscos
~which is reasonable for dilute cosmic plasmas!. Magnetic
field lines outside of this slab do not show the X-type top
ogy, as can be seen in Fig. 2 att595. The bending of the
field lines within the current sheet (y,1) reflects the inflow
uz along thez axis and the diversion of the outflow aroun
the pressure maximum~‘‘plasmoid’’ structure! which is
pushed outward by the main reconnection outflowux . The
outflow becomes Alfve´nic at the rear side of the outgoin
plasmoid~see below, Fig. 8!.

The isosurfaces of the current density displayed in Fig
for run 2 show the slab-like character of the system perh
most clearly: the sheet remains practically undisturbed
uzu*2l z @Figs. 3~a! and 3~b!#. Within uzu& l z/2 and between
the pair of plasmoids (uxu&15 at t595) the structure is
nearly two-dimensional. The cut atz50 reveals the curren
density ridges~slow mode shocks! known from 2D recon-
nection. The occurrence of enhanced resistivity is mu
more localized at the origin than the regions of high curr
density and does not extend along the current density rid
~see Figs. 1, 7, and 8!. This is due to the rarefaction of th
plasma at the origin, which enters into the velocity-bas
criterion for resistivity enhancement. Thus, the essential

FIG. 5. Profiles of the pressure~solid lines!, density~dotted!, and velocity
~dashed! for runs 2~top panel! and 3~bottom panel! at a time of Petschek-
like reconnection~thick lines! and after secondary tearing~thin lines!.
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tures of Petschek’s reconnection model~Alfvénic outflows,
localized resistivity enhancement at a central X-line, a
slow mode shocks! are set up forl z. l z* within the nearly
two-dimensional slab.

The configuration formed from an isotropic initial pe
turbation is more complicated and only partly similar to t
Petschek configuration. In run 3 (l z50.8, vcr51.5) anoma-
lous resistivity is never excited atx50. Instead, oblique
flows and flux pile-up by the inflowuz lead to a symmetric
double structure with maxima ofh initially lying at thezaxis
slightly inward of the point of maximum slope of the initia
resistivity perturbation profile; the pointz1 of maximumh
lies in the rangeuzu'0.2–0.4 for 14,t,72. An inflow

FIG. 6. Reconnection rates versus time for run 3~top!, run 2~second panel!,
and the 2D comparison run~third panel!. Rates at different X-lines are
shown separately. Solid lines show reconnection rates at thex axis, dashed
lines show maximum reconnection rates occurring off thex axis but within
the box, dotted lines refer to maximum reconnection rates occurring a
boundaryuzu5Lz . Thick lines refer to reconnection with a central X-lin
~Petschek-like!, an intermediate line width is used for reconnection ra
after secondary tearing. The initial perturbation is included as a thin l
The narrow and weak secondary peak in run 2 att'190 results from mag-
netic island coalescence atx50. Bottom panel: reconnected fluxF for l z

5` ~solid lines!, l z58 ~dotted!, and l z50.8 ~dashed!. Thin lines (F,0)
refer to the reconnected flux outward of the dominant X-line, thick lin
(F.0) refer to the reconnected flux between the dominant X-line and thz
axis after secondary tearing.
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uy(y.0),0 is built up at the maxima ofh, leading to a
Petschek-like structure of reconnection in a neighborhood
the planesuzu5z1 . A magnetic X-configuration with the cor
respondingx-y flow and the classical current density ridg
exists there temporarily. These two slabs form a sandw
like structure about the midplanez50, in which the flow
along they axis is reversed,uy(y.0).0, and reconnection
is inhibited ~Fig. 4!. The outflow ux that results from the
initial perturbation and the current density ridges extend
tween the slabs through the planez50. The available nu-
merical resolution does not permit a clear distinction b
tween whether the X-line continues throughz50 or an
O-line is formed atuzu!z1 already in this early phase.

The profiles along thez axis of pressure, density, an
velocity in Fig. 5 show the flow, driven by the pressure g
dient 2]zp/2, at characteristic times for runs 2 and 3. T
structures are similar in both runs with spatial scales bein
the orderl z during the Petschek-like phase.

D. Secondary tearing and long-term evolution

The plot of the electric field at the X-lines in Fig.
shows the temporal evolution of the reconnection proce
We refer toR5h j as the reconnection rate in our syste
with Bz(t50)50, where the X-lines are magnetic null
Runs 2 and 3 and a two-dimensional comparison run
shown. The latter has physical and numerical parame
identical to run 2, except for the use of a uniform grid wi
resolutionsDx0 andDy0 as given in Table I for run 2. Again
we begin with a discussion of run 2. The reconnection rat
the X-line formed atx50 develops a single, well-define
peak ~thick continuous lines in Fig. 6! which is of similar
magnitude and shape forl z58 andl z5`. Most importantly,

FIG. 7. Profiles of resistivityh ~thick line!, current densityj ~thin line!, and
mass densityr ~dotted! along thex axis for run 2 at different times.
of

h-

-

-

-

of

s.

re
rs

at

R does not stabilize after a Petschek-like configuration
established, but shows a monotonic decay with a decay t
comparable to the rise time. This is in contradiction to t
conclusions of Ugai and Shimizu28 who had found some in-
dications in favor of build-up of a quasi-steady reconnect
regime ~the rate of change of the flows and of the pe
anomalous resistivity began to decrease over a period
;10tA at the end of their run!. Our calculation in a larger
box over a longer period shows that, in fact, a quasi-ste
state is not reached. Ugai and Shimizu have argued th
balance between convection of field lines by the inflowuy

and magnetic diffusion is reached at the central X-line
causeh5h( j /r) is permitted to rise freely, which enables
~quasi-! steady state of reconnection in 3D as well as in 2
Their argument implicitly relies on the reconnection geo
etry in thex-y-plane being stationary. However, the structu
of the current sheet in the neighborhood of the X-li
evolves during the build-up of the reconnection regime. I
the evolution of the volume where anomalous resistivity
excited which leads to a decrease of the reconnection ra
x50 in the long-term evolution.

Figure 7 shows profiles along thex axis of j, r, and the
resulting anomalous resistivityhan, for run 2. The regions of
enhancedj (x) and han(x) at the origin broaden with time
considerably. At the same time, the width of the correspo
ing profiles along they axis stays roughly constant, due
the inflow uy . With anomalous resistivity extending touyu
'0.2, the aspect ratio of thehan area has reached a valu
dxh /dyh533 by t5127. Essentially, the inner section of th
current sheet has undergone a transition from a Petsc
configuration to a Sweet–Parker configuration. Con
quently, the reconnection of field lines and the level
anomalous resistivity drop, primarily at the origin~where the
pull by the outflowux becomes weaker than at the ends
the extendedhan area!. Two symmetric maxima of thehan

profile remain, which immediately lead to the formation of
pair of new magnetic X-lines att'150. An inflow along the
z direction is created also at the new X-lines, but it has o
a weak effect because the reconnection inflowuy is already
present at a larger scale. The outflow from the new X-lin
drives a transition of topology at the origin, where an O-li
is created. This change of topology is enabled by the s
existing~although rapidly decaying! anomalous resistivity a
x50. The reconnection rate in run 2 drops fromR51.6
31022 at t595 to R58.431023 at t5152. The Sweet–
Parker reconnection rate, based ondxh and the average valu
^han&dxh

, is found to drop similarly, RSP(t595)52.9

31022 and RSP(t5152)51.631022, thus supporting our
interpretation. In comparison, the Petschek reconnection r
based on thex extent of the Petschek-like configuration~i.e.,
thex extent of the current density ridges behind the outgo
plasmoid! and ^han&dxh

, stays approximately constant,RP(t

595)54.431022 andRP(t5152)54.131022.
The creation of the pair of new X-lines has been fou

in 2D simulations of spontaneous reconnection and term
secondary tearing.31 The evolution of the 3D system invest
gated here is similar to the 2D results. We remark that
inflow uz , which peaks at thez axis, supports the topology
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change at the origin by its tendency to revert the flowuy .
This is particularly true for small values ofl z ~see below!. It
has been argued33 that secondary tearing only occurs if th
model for han is based on the current density and does
occur if the model is based on the electron–ion drift veloc
In the latter case, the density minimum at the origin w
supposed to lead to a permanent localization of the ano
lous resistivity. However, with the increasing extent of t
anomalous resistivity area, the density minimum becom
progressively flatter, and the evolution is similar, only som
what delayed, for the drift velocity criterion. Secondary te
ing occurred in all runs which exhibited spontaneous
excitation of anomalous resistivity~for various paramete
settings in addition to Table I! at late stages (t*150).

The plot of the field lines and of the profilesux(x) and
p(x) for run 2 in Fig. 8 demonstrates that the second
tearing is not caused by the open boundary in the outfl
direction (uxu5Lx): it occurs at a time when the disturban
created by the initial resistivity perturbation has not y
reached that boundary. It is also not caused by the non
formity of the grid, since the new X-line is formed atx'5
while the grid is uniform foruxu,10 ~Table I!.

The topology change connected with the secondary t
ing does not inhibit fast magnetic reconnection, instead
leads to re-amplification of the process. The reconnec
rate remains variable because the plasmoid in the cente
the system, which is permanently driven by the outflow fro
the new X-lines, executes oscillatory motions~it may even

FIG. 8. Magnetic field lines in the planez50 and the profilesp(x,0,0) and
ux(x,0,0) for run 2 att595 ~top panels! and att5190 ~bottom panels!. The
region of anomalous resistivity is shown shaded.
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tear and merge again, as indicated in Fig. 8 att5190 and by
the small peak in the second panel of Fig. 6 at the same ti!
and because thehan area continues to show a slight tenden
to elongate outwards in a time-variable manner. Both effe
lead to variations ofhan at the new X-lines. Repeated se
ondary tearing of this elongated current sheet section, typ
of the 2D system~see the third panel of Fig. 6 and Ref. 31!,
occurs only once (t55002540) and is of minor dynamica
importance. Obviously this effect requires even largerl z be-
cause the tearing mode is most easily excited as a
instability34 ~although its nonlinear development may b
three-dimensional35!. Increasing numerical diffusion in the
nonuniform part of the grid (uxu.10) may also have an in
fluence.

A plasmoid with continuously rising pressure is forme
in the central O-line region by the outflow from the adjace
X-lines. This plasmoid relaxes primarily by setting up a p
of outflow jets along thez axis. These outflow jets, which ar
strongly confined~roughly to the cross section of the pla
moid!, are shown for run 2 in Fig. 9~a!. Their velocity
reaches 0.7VA during t5200– 380~Fig. 5!. In 2D the relax-
ation is only possible by slowly shifting the new X-line
outward along thex axis.31 Also the area of anomalous re
sistivity starts to grow in thez direction, forming a pair of
ropes at the surface of the plasmoid~Fig. 10!. At the same
time, the reconnection rate at the new X-lines decrease

FIG. 9. ~a! Isosurfaceuuu50.5 in run 2 att5240 showing pairs of outflow
jets along thex and z axes. ~b! Isosurfaceuuu50.3 for run 3 att5320
showing similar jets.
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thex axis, since an increasing amount of field line bending
required to convect flux toward the new X-lines, which a
staying close to the swelling plasmoid, and since the incre
ing pressure in the plasmoid resists the reconnection out
from the new X-lines. This results in a splitting and displac
ment of the maxima ofhan andR off the x axis along these
ropes toward large values ofuzu after t5450. The second
panel of Fig. 6 displays the decrease of the reconnection
at z50 as a continuous line and the global maximum of
reconnection rate as a dashed line. The latter is observe
stay almost constant in the short interval during which
maximum is displaced at high apparent velocity to t
boundaryLz . The secondary tearing thus enables spread
of the reconnection process in thez direction. However, the
current limitation of grid sizes prevents a systematic inve
gation of this phase.

The time evolution of the reconnected flux in the fir
quadrant of the current sheet plane, F
5*By(x,0,z,t)dxdz/dzh(t), which is plotted in the bottom
panel of Fig. 6, also indicates enhanced reconnection a
secondary tearing and the spreading of the reconnection
cess in thez direction. The ‘‘outer’’ reconnected flux (Fo

,0) between the dominant X-line and the boundaryx5Lx

and the ‘‘inner’’ reconnected flux (F i.0), which accumu-
lates between the dominant X-line and thez axis after sec-
ondary tearing, are plotted separately. One has to kee
mind, however, that these quantities still carry signatures
several processes, which are difficult to disentangle
quantify. Both parts of the flux are influenced by convecti
across the boundariesx5Lx or z5Lz . The area of integra-
tion, and consequently the proportion betweenFo and F i ,
depend on the location of the dominant X-line, which
strongly shifted in the 2D run. Coalescence of magnetic
lands after secondary tearing annihilates previously rec
nected flux. Finally, there is some arbitrariness in the n
malization ofF for the 3D runs, required for the compariso
with the 2D run: it can be done usingl z , Lz , or the instan-
taneous extent of the anomalous resistivity regiondzh(t).
Nevertheless, one can see that~1! maxima of duFu/dt corre-
spond to enhanced reconnection rates in the upper pane
the figure, ~2! run 2 and the 2D run lead to comparab

FIG. 10. Volume of anomalous resistivity delineating the magnetic X-lin
in run 2 att5480, where maximum reconnection occurs atuzu52.75.
s

s-
w
-

te
e
to

e

g

i-

er
ro-

in
f
d

-
n-
r-

of

amounts of reconnected flux,~3! the flux 2Fo peaks
roughly at the time at which the rear side of the plasm
that is created by the initial perturbation has reached
boundaryLx .

Turning now to the case of isotropic initial perturbatio
~run 3 with l z50.8!, we find that the evolution is largely, bu
not fully, analogous to the case of anisotropic initial pertu
bation ~run 2!. Again, the Petschek-like configuration in
tially formed in the two symmetric slabs arounduzu5z1 turns
out to be not a stable configuration. Figure 11 shows
evolution of the anomalous resistivity in the current sh
plane y50, where the maximum ofh remains during the
whole run. The initial elongation of thehan area in the direc-
tion of the outflow and the subsequent decrease ofhan(x
50) are similar to run 2. The combined effect of the coh
ent outflowux , which extends over a largerz interval than
the anomalous resistivity and includes the planez50 ~cf.
Fig. 4!, and the continuing inflowuz let the han area then
approach thex axis. Secondary tearing in the planez50
occurs immediately (t572), also being supported by the st
reversed flowuy(0,y.0,0).0. A magnetic configuration
identical to the one shown in the bottom panels of Fig. 8
formed. The subsequent evolution is qualitatively similar
the casel z58, although the reconnection rate remains mu
smaller and is far less variable. This reflects the fact that h
the driving reconnection at the new X-line is far less coh
ent in z and the flowsux,y,z have to be partly reorganized i
space. The reconnection rate was found to depend o
weakly on the parametervcr in the range 1.1<vcr<1.5. The

s

FIG. 11. Evolution of anomalous resistivity in the current sheet plane
run 3 (l z50.8).
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outflow jets along thez axis are also formed@Figs. 5 and
9~b!#. The maximum outflow velocities areux50.8 at t
;400 anduz50.3 att5300– 450. The splitting of the maxi
mum resistivity in thez direction and the subsequent rap
displacement of the maximum along the new X-lines to
boundaryuzu5Lz occurs att.310. As in the casel z58,
there is a strong tendency toward a quasi-2D configuratio
the numerical box, based on the formation ofhan ropes along
the new X-lines~Fig. 11!. In a larger system, it can be ex
pected that the reconnection rate and the outflow veloc
rise further as soon as the quasi-2D configuration exte
over a sufficiently large intervalDz@1 and the overall con-
figuration becomes similar to run 2.

The secondary tearing is essential to reach a signific
reconnection rate in the case of an isotropic initial pertur
tion, because it leads to growth of the area of anomal
resistivity in thez direction.

E. Parallel current density and electric field

Field lines of j (x) are displayed for run 2 in Fig. 12
These visualize the current diversion which is caused by
finite z-extent of both the resistivity region and the reconn
tion flows,ux anduy . Lines of current flow starting close t
the current sheet planey50 are diverted mainly in thex
direction, while lines starting at a certain distance fromy
50 are diverted mainly in they direction, to form the curren
density ridges shown in Fig. 3. The current diversion is
lated to the generation of current components parallel to
magnetic field, which are of particular significance beca
the resulting parallel electric field,Ei5hanj i , may dominate
the acceleration of particles and because the currents ma
directly observable as the ‘‘substorm current wedge’’
events of magnetospheric activity. Note thatEi5 j i50 in the
2D evolution of neutral current sheets. The generation
parallel current components is caused by the plasma flow
well as by the existence of nonuniform~anomalous! resistiv-
ity. This can be seen by considering the current helic
density,36,37

FIG. 12. Lines of current flow~thick lines! and their projections onto thex-
y plane ~thin lines! for run 2 (l z58) at t595. The lines start either aty
50.07 or aty520.6 at the bottom of the box.
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hc5 j–B.

Its time derivative is related to a temporal change of
parallel current density. In dimensionless units:

]hc

]t
5] tj•B1 j•] tB

5@“3“3~u3B!#•B2@“3“3~h j !#•B

1@“3~u3B!1hDB#• j . ~13!

The second term shows that contributions to the growth oj i

result not only from the presence of resistivity but also fro
nonvanishing first and second spatial derivatives. The der
tives ofh are particularly important at large Lundquist num
bers, where the terms proportional toh become small. That
these contributions are indeed essential can be seen in
13, where contours ofj i and h are plotted for run 2 (l z

58) during the Petschek-like reconnection phase (t595)
and after secondary tearing has occurred (t5190). At both
times the highest parallel current density components
created close to the surface of the region of nonvanish
resistivity, where the first and second derivatives ofh are
both large. Figure 14~a! displays isosurfaces ofu j iu for the
same dataset (t5190) at two levels. The concentration of th
highest parallel current densities close to the surface of
resistivity region is again apparent. The lower-level isos
face shows that the overall structure of thej i region follows
the current density ridges seen in Fig. 3 and that there
second region of enhanced parallel current components a
rear side of the outgoing plasmoid. Significantj i components
are thus also created at lines of current flow far away fr
the resistivity region~cf. Fig. 12!. The latter effect is due to
the shear of the outflow, which is diverted around the out

FIG. 13. Contours ofu j iu ~thin lines! andhan ~thick lines! for run 2 in the
planes containing the maximumu j iu during the Petschek-like phase (t
595) and after secondary tearing (t5190). Run 3 yields a similar picture
~not shown!.
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ing plasmoid, and has been discussed in de
previously.23–25 The highest parallel current densities occ
as a result of secondary tearing (t5180–420 in run 2 andt
5350–450 in run 3! at the surface of the central plasmo
close to the area of anomalous resistivity@Fig. 13 and Fig.
14~b!#. The maximum parallel current densities reached
run 2 @max(j i)52.4j (0)# and run 3@max(j i)52.1j (0)# are
comparable.

The parallel electric field peaks where the volumes
anomalous resistivity and high parallel current density int
sect, i.e., at the surface of the central plasmoid close to
new X-lines after secondary tearing~Fig. 13!. For both runs
2 and 3, the temporal maximum ofEuu is related to a strong
oscillation of the central plasmoid, which tends to tear in
x direction but merges again, max@Ei(x54.0,y50.09,z
53.5,t5197)#51.331023 in run 2 and max@Ei(2.7,
0.7,0.6,352)#51.731023 in run 3.

IV. CONCLUSIONS AND DISCUSSION

In this paper we have investigated, within the framewo
of one-fluid MHD, the three-dimensional dynamics of ma
netic reconnection in a compressible Harris current sh
with initially antiparallel magnetic field and dynamicall
coupled resistivity. The three-dimensional development w

FIG. 14. ~a! Isosurface ofu j iu for run 2 att5190. The 14 per cent level is
displayed in the left half of the box (x,0), and the 7 per cent level is
displayed in the right half (x.0). The maximum parallel current density
j i(x52.4,y50.13,z51.75,t5190)51.4j (0). ~b! The same for run 3 att
5384 @4 per cent of max(j i)5j i(1.7,0.8,0.2,384)52.1j (0)#.
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initiated by applying a resistivity perturbation bounded inx,
y, andz. Particular attention was paid to the question of t
development of the so-called spontaneous fast reconnec
regime. The results can be summarized as follows.

~1! The dynamical development depends strongly on
elongationl z of the initial perturbation in thez direction
relative to its dimensionsl x andl y . Only for sufficiently
anisotropic resistivity profiles withl z. l z* . l x,y will the
inflow along thez axis be sufficiently weak so that th
reconnection inflow in they direction and a fast recon
nection regime can develop in a manner similar to
two-dimensional case. For the Harris sheet withl x; l y

;1 and vcr53, the critical elongationl z* lies in the
range 4–8. Over a period of;102tA , a Petschek-like
reconnection regime is built up but remains bounded t
slab around the planez50, the width of which is ap-
proximately equal to twice thez extent of the initial per-
turbation.

~2! The system is not able to sustain the Petschek recon
tion regime in a~quasi-! steady manner, instead the r
gion of anomalous resistivity at the X-line becomes
creasingly elongated with time in thex direction, thus
temporarily resembling a Sweet–Parker configurati
This leads to a decrease of the reconnection rate in
region of the initial perturbation. As a result, the syste
shows a transition of topology known as secondary te
ing, i.e., a symmetrical pair of X-lines is formed and th
original X-line is replaced by an O-line. This process
supported in the three-dimensional case by the infl
along thez axis and occurs even with the drift velocity
based criterion for resistivity enhancement. The seco
ary tearing leads to enhanced and time-variable rec
nection, to a second pair of outflow jets directed alo
the O-line, and to expansion of the reconnection proc
along the newly formed X-lines in thez direction.

~3! The requirement on the anisotropy of the initial pertu
bation can be relaxed by lowering the threshold for t
excitation of anomalous resistivity substantially belo
the value commonly used in two-dimensional simu
tions. The system with an isotropic initial perturbatio
then evolves through a partly Petschek-like reconnec
regime but experiences secondary tearing relativ
early. Subsequently, the evolution proceeds in a qua
tively similar manner as in the case of a strongly anis
tropic initial perturbation. With the expansion of the r
connection process along the new X-lines, significa
reconnection rates are achieved after several 102 Alfvén
times.

~4! The three-dimensional reconnection process forms s
stantial current density components along the magn
field, max@ j i(x,t)#'2.4j (0) for l z58 and'2.1j (0) for
l z50.8. Their maximum lies at the surface of the pla
moid formed by secondary tearing near the boundary
the anomalous resistivity region~i.e., near the new
X-lines!. Also the maximum parallel electric field occur
near the new X-lines, within the region of anomalo
resistivity. It is of orderEi;(1 – 2)31023 and is rather
insensitive to the elongationl z of the initial perturbation.
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The choice of a strongly anisotropic perturbationl z

@ l x in run 2! has permitted a detailed comparison of t
different phases of three-dimensional spontaneous resi
reconnection in initially antiparallel magnetic fields~neutral
current sheets! with the two-dimensional case. However,
discussed already in the Introduction, this configuration w
the anisotropy oriented across the magnetic field is not
pected to occur spontaneously~caused, e.g., by fluctuation
in a marginally stable equilibrium! in cosmic plasmas. Pos
sibly an ideal MHD instability can be found which enforc
such a configuration. Simulations of the reconfiguration of
arcade of magnetic loops in the solar atmosphere38 are sug-
gestive in this direction and have been taken in the litera
to justify two-dimensional models of the subsequent rec
nection, but this particular instability requires a large gu
field component.

Our study of spontaneous reconnection initiated by
isotropic perturbation (l x5 l y5 l z in run 3! required that a
lower threshold for the onset of anomalous resistivity be c
sen than commonly used in 2D simulations, which, howev
appears physically reasonable. Although this system did
show all the attributes of ‘‘fast Petschek-like reconnection
substantial reconnection rates were achieved at least
several 102tA and clear indications have been obtained t
the reconnection process also spreads in thez direction to
become a large-scale disturbance. This suggests that t
dimensional fast reconnection may occur spontaneously
lead to macroscopic energy release events in neutral cu
sheets.

As a further possibility to trigger long-lasting, large
scale, and possibly fast magnetic reconnection by a th
dimensionally localized initial perturbation, one has to co
sider a sheared current sheet with a nonvanishing guide
@Bz(t50)Þ0#. In that case an anisotropyl z@ l x of the resis-
tivity perturbation would be orientedalong the magnetic
field in the center of the current sheet (y50) and can there-
fore be expected to occur spontaneously. Three-dimensi
magnetic reconnection in such a sheared field configurat
where the midplane reflection symmetry is broken and
dynamics is strongly modified in comparison to the syst
considered here, will be investigated in a future paper.

Finally, a long-lasting and possibly steady regime
three-dimensional fast reconnection may be obtained by
scribing an inflow toward the sheet,39 similar to two-
dimensional simulations.40 The inflow uy(uyu→`) may be
relatively weak, since rather low values ofuy @;(123)
31022# occurred in our simulations even at times of pe
reconnection rates. Such driven reconnection is expecte
occur at the dayside of the magnetosphere and possibly a
boundary of newly emerging magnetic flux in coronae.

The long-term evolution of three-dimensional sponta
ous reconnection has been investigated here under the
straint of symmetry with respect to the planesx50, y50,
and z50, dictated by practical limitations of three
dimensional grid sizes. Strong symmetric outflowsux anduz

have been found. It is conceivable that asymmetries w
respect tox50 or z50 would lead to predominantly one
sided outflowsux or uz , respectively, and to a different long
term evolution. For weak asymmetries the ejection of
ve
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plasmoid formed through secondary tearing may occur. T
effect has been seen in two-dimensional simulations41,32 and
will be studied in 3D as well.

The growth of the region of anomalous resistivity in
the direction of the reconnection outflowux turned out to be
an essential element of the dynamics that leads to secon
tearing and subsequent growth of the perturbation into thz
direction. This effect is related to the inability of the fluid~at
least in standard MHD! to carry a sufficient amount of mag
netic flux into a strongly localized diffusion region to suppo
the Alfvénic outflow of reconnected flux in steady state29

Higher inflow velocities into the diffusion region occur i
more general fluid or kinetic treatments of collisionless a
resistive reconnection,17,19 where separate electron and io
scales form. How these faster flows match to the outer
gions, where the electrons and ions are coupled, and thu
question of whether the growth of the diffusion region
enforced by the large-scale flow pattern irrespective of
microscopic physics, requires further investigation.
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