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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£at0? 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. €000 American Institute of Physid$§1070-664X00)00101-4

I. INTRODUCTION In the spontaneous fast reconnection model, a current
sheet equilibrium is initially perturbed by a localized region
The reconnection of magnetic field lines is one of theof enhanced(anomalous resistivity in the sheet center,
fundamental processes that lead to the eruptive release ahich leads to the development of a simple X-point struc-
stored magnetic energy in plasmas. A large number of obture. Anomalous resistivity is permitted to occur in this
servations and experiments, e.g., solar flaregeomagnetic model also at later times of the evolution if a threshold of the
substorms, the sawtooth instability in fusion experimetits, local current density or of the local electron—ion drift ve-
and laboratory reconnection experimenfssupport this hy- locity vp=(mi/e)j/p is exceeded ry—ion mass,
pothesis. Magnetic reconnection is important for the evolue—elementary chargegg—mass density This couples the
tion of magnetohydrodynami@VHD) instabilities(e.g., the  reconnection-driven flow to the evolution of the resistivity
tearing modé and magnetic island coalesceficd in cur-  and enables a positive feedback that amplifies the dynamics
rent sheets which are generally involved in the energy rein the reconnection region. This mechanism is of particular
lease process. It is also important at the dissipative scales interest for eruptive energy release events since it involves a
MHD turbulence>*2To explain the short time scales of the threshold for onset, is initially self-amplifying, and is fast,
energy release processes in spite of large values of thige., it leads to rates of magnetic flux change at the magnetic
Lundquist numbeB= ugLVa/ 79, fast reconnection models null point (reconnection ratesigher than the Sweet—Parker
have been proposed but are generally restricted to tworaté®?!and to Alfvenic outflows.
dimensional (2D) geometry, including the stationary Several basic 3D effects of magnetic reconnection have
Petschek mod&l and the spontaneous fast reconnectionalready been analyzed in simulations using temporarily or
model™ Both these models are one-fluid descriptions inspatially constant resistivity such as the diversion of current
which resistivity provides the nonideal effect required forflow by the reconnection-driven outflofé; 2 the creation of
reconnection and in both models the resistivity is localized ainterlinked magnetic flux tubes by multiple areas of en-
the central magnetic X-point. hanced resistivity® and the tunneling of magnetic flux
Models distinguishing between electron and ion effectstubes?” The very question of the formation and maintenance
such as Hall MHD®® two-fluid MHD,'” or kinetic of the spontaneous fast reconnection process in a three-
treatment$®1° permit still higher reconnection rates, even in dimensional system with dynamically coupled resistivity has
the absence of resistivity. However, all these models requirenly recently been investigated by Ugai and Shinf&@ihe
significant computational effort, which still prevents follow- latter authors generalized the 2D model by introducing a
ing the evolution of microscopic perturbations to large spathree-dimensional initial perturbation by anomalous resistiv-
tial and temporal scales in three dimensions. ity 7a(X,Y,z,t) in a triple current sheet geometry with anti-
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parallel magnetic fieldB=B(y)e,. By varying thez exten-  the onset of anomalous resistivity, and the plasma beta on the

sion of the initial perturbation, they found that the build-up of fast reconnection is considered. A study of the

spontaneous fast reconnection process occurs also in 3D b@ng-term evolution &10%7,) of the reconnection rate un-

only if the region of perturbation is strongly anisotropic, ex- der the influence of secondary tearing in 3D is performed for

tending in thez direction by at least 4 current sheet widths. the first time. We discuss the occurrence of parallel currents
Such an anisotropy W|th preferred e|0ngat'ﬂn’rossthe and relate |t to the current heI|C|ty density to explain new

magnetic field cannot be expected to occur spontaneousRndings that extend previous resutfs**In Sec. IV we give

without additional assumptions. In magnetized hot plasma&e c_onclusions and a discussion of the applicability to astro-

where the mean free path exceeds the ion cyclotron radiughysical phenomena, such as solar flares.

Amip>Tci» Spatial scales along the field are generally much

larger than the scales across the field. The results of Ugai and

Shimizu therefore cast doubt on the usefulness of the sponr. SIMULATION MODEL

taneous reconnection model to explain large-scale energy re-

lease events, such as solar flares or magnetospheric sub- The compressible MHD equations are employed in the

storms. In this paper we extend their study and findfollowing form:

paramgter settings thz_at.permit us to relax the requirement on ap=—V-(pu), (1)
the anisotropy of the initial perturbation. _

Ugai and Shimizu further suggested that a quasi- PdU=—p(u-V)u—Vp+jxB, (2
stationary regime of fast reconnection, similar in structure to AB=V X(UXB)—V X( i 3
Petschek’s model, is reached after several Avén times ! ( ) (), ©
(7p) if the initial perturbation is chosen to be sufficiently U=-V-§ (4)

anisotropic(so that the 3D reconnection process evolves in Qhere the current densify the total energy density, and
manner similar to the well-known 2D behaviolThis aspect .o f1ux vectorS are given by ’

is also important with regard to astrophysical applications

because the energy release events typically last several or- . 1
. . . j=—VXB,
ders of magnitude longer than the period of time that can be Mo
followed in a numerical experiment. Whether stationary 5

Petschek-like reconnection is possible is still a matter of .+ Bu2+B_’
debate?® The observations of solar flares, for example, sug- 27 2po
gest that the energy release is typically highly variable in
time3° Two-dimensional numerical experiments on recon-  S=
nection have shown that the process of “secondary tearing,”
which changes the topology to form a central O-point andandw is the internal energy per unit mass, which is related to
possibly a sequence of new X-points, accompanied by highlghe pressure through the equation of stade;(y—1)pw.
variable reconnection rates, can be importanzd?r,.3t  The ratio of specific heats ig= 3. The electric field is given
We have therefore integrated the equations for sevefal,10 by

U+p+ BZ) (u-B) B + 7 B
5—|u—(u-B)— X—,
P 20 Mo 7 Mo

to study at least the beginning of the long-term evolution of E=—uxB+ 7j (5)

the three-dimensional system and to see wheth@uasi) '

stationary state is approached. An antiparallel Harris equilibrium(a neutral current
Furthermore, the “standard” equilibrium, the Harris sheetwith uniform density is chosen as the initial condition:

current sheet, is used in this paper withgut additional-current B,= — By tanh(y/l co), (6)

sheets at the upper and lower boundaries of the (ladrch

slows down the initial evolution of the system somewhat in ~ By=B,=0, (7)

comparison to the equilibrium employed by Ugai and Ue=Uy=U,=0, )

Shimizu. The investigation is also restricted to an initially
antiparallel magnetic field configuratiofneutral current pP=Dpo, 9
sheet, for which the comparison to the two-dimensional case 5 2

is most direct. The presence of a magnetic guide field com- P~ (1 B8)Bo/(210) =B/ (2p0), (10)
ponent,B,#0, leads in a three-dimensional system to a fun-where the plasma beta is defined@s 2M0(|y|_>oc)/Bg_
damentally different topology by breaking the symmetry The variables are normalized by quantities derived from
with respect to the midplanes of the system and will be conthe current sheet half width s and the asymptotic

sidered in a separate paper. (ly|—) Alfvén velocity Vao=Bg/(uopo) Y of the configu-
The outline of the paper is as follows. In Sec. Il we ration att=0. Time is measured in units of the Alfwgime
present the equations and the numerical method. In the nex{,=1-s/Va, and p, E, j, and 5 are normalized by

section we describe the qualitatively new properties of theB2/(2u0), VaBg, Bo/(molcs), and uolceVa, respectively.
three-dimensional dynamics and compare them with the twofhe normalized variables are used henceforth.
dimensional case. The influence of several parameters, such The magnetostatic equilibrium is initially perturbed by a
as the anisotropy of the initial perturbation, the threshold forthree-dimensional anomalous resistivity profile. An ellipsoid
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TABLE |. Parameters of the three-dimensional simulation runs. The resolulingsAy,, Az, refer to the inner uniform part of the nonequidistant grid,
whose size is given bl , L)’,, andL, .

Run I l, Ver B Ly Ly L, AXy Ayo Az, L, Ly L, Tarlt>10)
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 40 010 0045 025 10 1 3 yes
3 0.8 0.8 15 0.15 90 4 10 010  0.045  0.025 10 1 13 yes
4 4.0 1 3 0.15 40 4 20 010 0045 01 3 2 3 no
5 16.0 1 3 0.15 40 4 20 010 0045 01 3 2 3 no
6 0.8 1 3 0.015 20 4 25 0.10 0045  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
of enhanced resistivity is put into the simulation domain at . . l-0 . .
the origin for O<t<t,, similar to the model used by Ugai Wi oWipet —5— (Wit Wo-nit Wigra
and Shimizu®
+W W+ ).
7(x)=Cyexyd — (x/1,)?= (y/l,)*= (2/1,)]. 11 =Dk (k=) i (e 1)

In all simulationst,=10, C,=0.02, and,—0.8. The elon- "¢ Smoothing parameteris set in the rangg0.97,0.99, as
gation of the initial perturbation in thedirection is varied in req.uw.ed by the d|fferenF runs. A variable time step Is chosen
the rangel,<[0.8,8]. Also the elongatiorl, is varied in a t0.I|m.|t the numerical diffusioff and to satisfy the Courant
few runs from the standard valug=0.8. Fort>tg the re- cntegi(:]n. both th ilibrium and the initial perturbation
sistivity is determined self-consistently from the local value ce both the equ um a c al perturbatio
of the relative electron—ion drift velocity v possess spatial symmetry aBd(t=0)=0, all variables re-
—(m;/eByr)jlp for every time step: an “anomaloas” main even or odd with respect to the midplanes throughout
valué 77 i/; sé)t if a thresholdy..., is e>;ceeded The resis- the evolution, and the simulation domain can be restricted to
tivity ;nga’el fort>t, is given bycr, . one octant of the cubp—L,,Ly]X[—Ly,Ly]X[~Ls,L,].

0 The boundary conditions are thus symmetric at the planes

0: |vp|=vg, x=0 (whereB,, B,, u, are odd, y=0 (whereB,, B,, u,
p(x,t)= (Vo (X, t)| = Vvey) (12) are odd, andz=0 (whereB,, u, are odd, with even mir-
Co——— 1 |Vp|>vg. roring of the other integration variables. Open boundary con-

Vo ditions are realized at the other three boundary planes by the

HereC,=0.003, and the threshold valwg, is varied in the  requirement that the normal derivatives of all variables van-
rangev=(1.1-3)vy, wherevy=|vp(0)|. ish, except for the normal component Bf which is deter-
The choice ofv, implies an assumption on the initial mined from the solenoidal condition.
current sheet half widtHg(t=0)= (v /vg)l s, Wherel, is
the critical current sheet half width. Using the ion thermal|||. RESULTS
velocity as an order-of-magnitude estimate of the critical
electron—ion drift velocity for the onset of kinetic current-
driven instabilities and the excitation of anomalous resistiv-  The first two phases in the evolution of the perturbed
ity, v~ (Ti/m)Y2 Ampeae’s law vyields |,~48 'rg;, current sheet are largely similar to the two-dimensional case.
wherer; is the ion cyclotron radius. The critical current The Ohmic dissipation by the localized initial resistivity
sheet half width can be much larger than the scale lengths agauses a short @t<2r,), transitory phase of expansion of
which the Hall and the pressure gradient terms in the genethe heated plasma into all directions. This is soon terminated
alized Ohm'’s law become important. These are, respectivel\pecause the main effect of the perturbation is the reconnec-
the ion inertial lengthd,=c/wy;, and d;8/4. The above tion of magnetic field lines and the resultily component
estimate yields ,~28"Y2d;. Thus, in the range of beta leads to predominant acceleration of plasma out of the per-
values where magnetic reconnection is energetically importurbed region by the Lorentz fordg~ —j,B, . The pressure
tant, B=<1, one can expect that the excitation of anomaloughen starts to decrease localfglready att~17,), which
resistivity plays a role during the formation of thin current reverses the initial expansion ynandz and causes accelera-
sheets (s~ d;) at the same time as, or even before, the Halltion of plasma in this second phase into the area of the per-
and pressure gradient terms become significant. turbation. In a 2D system the inflow is in thedirection
Equations (1)—(4) are integrated on a nonequidistant only, carrying new magnetic flux into the region. This en-
Cartesian grid with uniform resolution in a range around theables continuation of the reconnection process and, in later
origin and slowly degrading resolution toward the outerphases, its amplification by re-creating high current densities
boundaries (see Table )l A two-step Lax—Wendroff and the corresponding anomalous resistititin the 3D sys-
schemé&*®?is used. To ensure numerical stability, artificial tem, however, the inflow is driven by forces in thieand z
smoothing is applied to all variables integrated by thedirections[F, ,=(—Vp/2+jxB), ,]. The inflow in thez
scheme after each full time step in the following manner:; direction generally acts to reduce the inflow in theirection

A. Initial evolution
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FIG. 1. Magnetic field, current density, and velocity in the plared, and velocity in the plane=0 for run 1 (,=1) att=24 (left panel$ and for run 2
(1,=8) att=48 (right panel$. The maximum outflow velocities are ma)=0.23 for both runs. The gray shaded area is the region where anomalous
resistivity is excited. The peak values of the velocity components in the bottom pan@l@|af®.02 andu,~0.1 for both runs(Peak velocities for run 2 at
t=24 are about half the values given hereeak current densities are mgx{1.7 (run 1) and max{)=3.0 (run 2.

necessary for ongoing reconnection. For sniall/F,|, the  reconnection does not require a vanishig there is a fi-

fast reconnection regime is set up, similar to the 2D case, inite valuel? above which fast reconnection occurs in a 3D
a slab around the plare=0. Otherwise the dominant inflow  system.

u, strongly reduces the inflow, and, correspondingly, the It might be expected that' is rather large, since the
regonnectlon dgnng the second phase. This Iead_s to _aweagi:celeration of the fluid in the direction is qualitatively
ening of the driving outflowul, . Subsequently the inertia of different from the acceleration in thedirection. Along thez

the u, flow causes a pressure increase in the center of the . he L 7 f ishes due 1o th ' v of th
perturbed region and a second reversalpf and the recon- aX|s,'t € Loreniz force vanishes due to the symme ry ot the
nection ceases. The magnetic X-line configuration then ei¢onsidered system, and only the pressure gradieifp/2
ther diffuses away or undergoes a transition to an O-line iffan accelerate the fluid. In tlyedirection, the acceleration is
place of the former X-line as a result of the reversgdiow. ~ determined by the balance between the pressure gradient
Clearly, 1, is the parameter that controls the ratio of forces,—dyp/2, which remains directed outward as in the initial

with |FZ/Fy|*>0 for |,—o. Since the development of fast equilibrium, and the inward-directed Lorentz forck,
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FIG. 2. Magnetic field lines passing throughk-30 andz=0,1,, 2I,, re-
spectively, for run 2 1,=8) att=95.

(b) t=190

~|,By. Both quantities are tightly coupled during the whole
evolution with their sum being much smaller than each indi-
vidual component. Therefore, dominance of the inflay
might be expected fdw,p/2|=|j,By— dyp/2|, i.e., values of

|, of the same order als andl,. This is in line with the
conclusions by Ugai and ShimiZfi However, it will be seen
below thatl; depends strongly on other parameters in the
system and is not necessarily large.

B. Build-up of fast reconnection

Figure 1 shows the evolution of the Harris sheet at char-
acteristic times fol ,=1 andl,=8, using3=0.15 andv,, (c) t=354
=3. In the system with,=1 (run 1 in Table ) the flowu,
is already reverse(tirected away from the reconnection re-
gion) by the inertia of theu, inflow and reconnection has
already stopped by=24. Also the field lines in the plane
z=0 no longer possess the pure X-type topology, character-
istic of reconnection, which was enforced during the initial
perturbation {<ty=10). No anomalous resistivity occurs in
this run aftert=t,, and characteristic quantities, such as the
outflow velocity and the current density, decrease subse-
quently. In contrast, fol,=8 (run 2 shown at=48) the
field lines and the flow in the plane=0 are identical to the
picture known from 2D systems after those have evolved
into the fast reconnection regime, where anomalous resistiv-
ity is again excited. Also the current density ridges near the
separatrices of the magnetic field are clearly developed, Withg. 3. surfaces of constant current densityij| for run 2 (,=8). (&) The
the maxima ofj = |j| and 7, lying at x=0. The maximum 20 per cent level of maj(=4.0 (located at the originatt=95. (b) The 10
outflow velocity maxq,) rises continuously until it becomes per cent level of ma}j=5.8 (located at the originat t= 190 (before plas-
Alfvénic at t~160—before the boundary diXI =90 is mo_id ejection. (c) The 10 per cent Iev_el of mapE4.9 located at the new

X-lines att= 354 (after plasmoid ejection
reached.

Runs 1 and 2 are in general agreement with the results of
Ugai and Shimizi#® The removal of the pair of oppositely
directed current sheets at the upper and lower boundary of Simply enlarging thex extent of the perturbationl )
the numerical box and the more gentle profile of the currentioes not support the development of fast reconnection since
density in the Harris equilibrium used here raise the mini-the initial configuration is then closer to the Sweet—Parker
mum elongation of the initial resistivity, for the development configuration. This possesses smaller reconnection rates than
of fast reconnection, somewhat to a valfie-8. The need to  a configuration with more localized resistivitjuns 4 and 5
search for parameter settings that render such a strong rat Table I; see also Sec. IlI)DApplying the initial perturba-
guirement unnecessary is thus even strengthened. tion for a longer time appears to be reasonable because the

Ly -l

X



Phys. Plasmas, Vol. 7, No. 1, January 2000 Three-dimensional spontaneous magnetic reconnection in . . . 113

B(z=0), 1(z=0) ]B}’Y(z=0,22|5)7 n(z=9.225)

% e
e
S
P
0.5 = T

S D e L e

Bs P g
|

et S ) S S — — — — — — — — — — — —
S D PV A A B |

,,,,,,,,,,,,,,,,,,,,,,,,

05 SIEI R

y
iy
ﬁ

|

NN
R
LANNNNSRS Y
IBRRR R

~

0.0

s}
o]

FIG. 4. Magnetic field, current density, and velocity for runl 30.8) att=24 in the plane=0 (left panel$ and in the plane=z,=0.225, which contains
the maximum ofz,, at this time(right panel$. Anomalous resistivitygray shadedis excited only forz#0 at this time. Peak velocities arg(z=0)
=0.25,uy(z=0)=0.034, u,(z=2,) =0.22, u (z=2,) = — 0.01. Peak current densities are ffjéx=0)]=1.3 and majj(z=z)]=1.8.

collisional time scale, at which spontaneously createdngv,=1.1-1.5 and obtained similar dynamical behavior in
anomalous resistivity is expected to decay, can be muckhis whole range, including re-excitation of anomalous resis-
longer than the Alfva transit time 7, of the thin sheets tjyity. This counteracts the general diffusion that dominated
forming in cosmic plasmas. However, this does not chang@yn 1 and enables build-up of a long-lasting spontaneous fast
the result forl ,= 1: if the initial perturbation is applied for a oconnection regime. The structures and dynamics in this

Ionge_r_ time(e.g.,to=30), the reversal of t_he flowy and a  c55e are only partly similar to the 2D system and will be
transition from X-type to O-type magnetic topology occur explored further by run 3 in subsequent sections.

before the perturbation is switched off, and again no anoma- Finally, we consider very small values @ permitting

lous resistivity is excited afterwards. higher compressibility of the plasma. This should render ex-

Another obvious modification consists in lowering the .~ . o . )
o ; citation of anomalous resistivity according to Efj2) easier,
thresholdv, for the onset of anomalous resistivity. This pa- . . . . :
ince a higher pile-up of magnetic flux and current density,

rameter is usually set at an intermediate value for numerical . ;
convenience, to both enable recurrence of anomalous resi@pd stronger densny reductions, are enabled. [t turns out,
tivity and to avoid its excitation over widespread regions of1oWeVer, that reducing below our standard value of 0.15
the box. A typical value in two-dimensional simulations is '€@ds to only a minor increastess than one per cerof the
ve=3. From a physical point of view, a low value of, ~ Mmaximum electron—ion drift velocity that is attained during
only slightly exceeding unity would be most reasonable for dhe evolution. Generally, the influence of the plasma beta on
study of spontaneous reconnection in cosmic plasmas, siné€e evolution of the considered systems has been found to be
it corresponds to a configuration in which the gradient scale¥ery weak in the rangg=0.0015-1.5runs 6-8 in Table)l

in x andz are much larger than the current sheet width and ~ Summarizing this parametric search, we find that appro-
the onset of resistivity enhancement in one place results frorpriate setting of the threshold for the onset of anomalous
small fluctuations or a slight systematic inhomogeneity. Weresistivity enables the build-up of spontaneous reconnection
have therefore integrated the system Withl,=1,=0.8 us-  in the case of an isotropic initial perturbation.



114 Phys. Plasmas, Vol. 7, No. 1, January 2000 Schumacher, Kliem, and Seehafer
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FIG. 5. Profiles of the pressufsolid lines, density(dotted, and velocity
(dashegl for runs 2(top panel and 3(bottom panel at a time of Petschek-
like reconnectior(thick lineg and after secondary tearirgthin lines.

Reconnected flux

C. Structure of the reconnection region with a central
X-line

First we discuss the casg=8 (run 2. The three-
dimensional structure of the current sheet at times of a fully Y 00 400 600
developed fast reconnection regime shows that the dynamics
is surprisingly well confined to a slalz|<2I, around thez  FIG. 6. Reconnection rates versus time for ruftd), run 2(second pang|
=0 plane. This is a consequence of the inflay, which and the 2D comparison rufthird pane). Rates at different X-lines are
continues as long as the central X-line exists and inhibit?hown separately. Solid lines show reconnection rates at ¢hxés, dashed

. . . ines show maximum reconnection rates occurring offxteis but within
sprea}dlng_ of the reconnection procesg,inf the absen_ce Of. the box, dotted lines refer to maximum reconnection rates occurring at the
a guide field component, and of the neglect of viscosityboundary|z]=L,. Thick lines refer to reconnection with a central X-line
(which is reasonable for dilute cosmic plasmad#lagnetic ~ (Petschek-likg an intermediate line width is used for reconnection rates
field lines outside of this slab do not show the X-type tOpOl-aﬁer secondary tearing. The initial perturbation is included as a thin line.

. . . The narrow and weak secondary peak in run 2=a190 results from mag-
qu' EF(S Can_ bQ seen in Fig. 2t&t95. The bending _Of the netic island coalescence =t 0. Bottom panel: reconnected fluk for |,
field lines within the current sheey€ 1) reflects the inflow =« (solid lines, 1,=8 (dotted, andl,=0.8 (dashedl Thin lines @ <0)
u, along thez axis and the diversion of the outflow around refer to the reconnected flux outward of the dominant X-line, thick lines
the pressure maximunﬁ“plasmoid” structure® which is (d>0) refer to the reconnected flux between the dominant X-line and the

. . axis after secondary tearing.

pushed outward by the main reconnection outflayw The
outflow becomes Alfveic at the rear side of the outgoing
plasmoid(see below, Fig. B

The isosurfaces of the current density displayed in Fig. 3ures of Petschek’s reconnection modelfvenic outflows,
for run 2 show the slab-like character of the system perhaplocalized resistivity enhancement at a central X-line, and
most clearly: the sheet remains practically undisturbed aslow mode shocKsare set up fol,>I3 within the nearly
|z|=2l, [Figs. 3a) and 3b)]. Within |z|=<I,/2 and between two-dimensional slab.
the pair of plasmoids |§|<15 att=95) the structure is The configuration formed from an isotropic initial per-
nearly two-dimensional. The cut at=0 reveals the current turbation is more complicated and only partly similar to the
density ridges(slow mode shocksknown from 2D recon- Petschek configuration. In run 3,£0.8, v,,=1.5) anoma-
nection. The occurrence of enhanced resistivity is mucHous resistivity is never excited at=0. Instead, oblique
more localized at the origin than the regions of high currenflows and flux pile-up by the inflow, lead to a symmetric
density and does not extend along the current density ridgedouble structure with maxima of initially lying at thez axis
(see Figs. 1, 7, and)8This is due to the rarefaction of the slightly inward of the point of maximum slope of the initial
plasma at the origin, which enters into the velocity-basedesistivity perturbation profile; the poir; of maximum %
criterion for resistivity enhancement. Thus, the essential fealies in the range|z|~0.2—-0.4 for 14t<72. An inflow
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i, 3p, 10%p at x axis R does not stabilize after a Petschek-like configuration is
established, but shows a monotonic decay with a decay time
comparable to the rise time. This is in contradiction to the
conclusions of Ugai and ShimiZiwho had found some in-
dications in favor of build-up of a quasi-steady reconnection
regime (the rate of change of the flows and of the peak
anomalous resistivity began to decrease over a period of
~10r, at the end of their run Our calculation in a larger
box over a longer period shows that, in fact, a quasi-steady
state is not reached. Ugai and Shimizu have argued that a
balance between convection of field lines by the infloy
and magnetic diffusion is reached at the central X-line be-
causen=7(j/p) is permitted to rise freely, which enables a
(quasiy steady state of reconnection in 3D as well as in 2D.
Their argument implicitly relies on the reconnection geom-
etry in thex-y-plane being stationary. However, the structure
of the current sheet in the neighborhood of the X-line
evolves during the build-up of the reconnection regime. It is
the evolution of the volume where anomalous resistivity is
excited which leads to a decrease of the reconnection rate at
x=0 in the long-term evolution.

Figure 7 shows profiles along theaxis ofj, p, and the
resulting anomalous resistivity,,, for run 2. The regions of
FIG. 7. Prqfiles of resistivityy (thick Ii_ne), current den_sity' (thin_ line), and enhanced (x) and 7,{(x) at the origin broaden with time
mass density (dotted along thex axis for run 2 at different times. considerably. At the same time, the width of the correspond-

ing profiles along they axis stays roughly constant, due to

uy(y>0)<0 is built up at the maxima of, leading to a the inflow u,. With anomalous resistivity extending {9/
Petschek-like structure of reconnection in a neighborhood of0.2, the aspect ratio of the,, area has reached a value
the planegz|=z,. A magnetic X-configuration with the cor- X, /dy,=33 byt=127. Essentially, the inner section of the
respondingx-y flow and the classical current density ridges current sheet has undergone a transition from a Petschek
exists there temporarily. These two slabs form a sandwicheonfiguration to a Sweet—Parker configuration. Conse-
like structure about the midplane=0, in which the flow quently, the reconnection of field lines and the level of
along they axis is reversed,,(y>0)>0, and reconnection anomalous resistivity drop, primarily at the origiwhere the
is inhibited (Fig. 4). The outflowu, that results from the pull by the outflowu, becomes weaker than at the ends of
initial perturbation and the current density ridges extend bethe extendedy,, area. Two symmetric maxima of they,,
tween the slabs through the plame-0. The available nu- profile remain, which immediately lead to the formation of a
merical resolution does not permit a clear distinction be-pair of new magnetic X-lines dat=150. An inflow along the
tween whether the X-line continues througk=0 or an  zdirection is created also at the new X-lines, but it has only
O-line is formed a{z|<z; already in this early phase. a weak effect because the reconnection inflgwis already
The profiles along the axis of pressure, density, and present at a larger scale. The outflow from the new X-lines
velocity in Fig. 5 show the flow, driven by the pressure gra-drives a transition of topology at the origin, where an O-line
dient —d,p/2, at characteristic times for runs 2 and 3. Theis created. This change of topology is enabled by the still
structures are similar in both runs with spatial scales being oéxisting (although rapidly decayinganomalous resistivity at

0 10 20 30

the orderl, during the Petschek-like phase. x=0. The reconnection rate in run 2 drops frdR=1.6
X102 att=95 to R=8.4x10"2 at t=152. The Sweet—
D. Secondary tearing and long-term evolution Parker reconnection rate, basedax), and the average value

The plot of the electric field at the X-lines in Fig. 6 {7ar) 5, 15 found to drop similarly, Rsg(t=95)=2.9
shows the temporal evolution of the reconnection process<10 > and Rsf(t=152)=1.6x10"?, thus supporting our
We refer toR= 5] as the reconnection rate in our SySteminterpretation. In comparison, the Petschek reconnection rate,
with B,(t=0)=0, where the X-lines are magnetic nulls. based on the extent of the Petschek-like configurati@re.,
Runs 2 and 3 and a two-dimensional comparison run arthex extent of the current density ridges behind the outgoing
shown. The latter has physical and numerical parameterf@lasmoid and(”aru)&(”a stays approximately constarp(t
identical to run 2, except for the use of a uniform grid with =95)=4.4X 10 2 andRp(t=152)=4.1X 10 2.
resolutionsAx, andAy, as given in Table | for run 2. Again The creation of the pair of new X-lines has been found
we begin with a discussion of run 2. The reconnection rate ain 2D simulations of spontaneous reconnection and termed
the X-line formed atx=0 develops a single, well-defined secondary tearing- The evolution of the 3D system investi-
peak (thick continuous lines in Fig.)éwhich is of similar  gated here is similar to the 2D results. We remark that the
magnitude and shape foy=8 andl,=«. Most importantly, inflow u,, which peaks at the axis, supports the topology
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FIG. 8. Magnetic field lines in the plaree=0 and the profilep(x,0,0) and

u,(x,0,0) for run 2 at= 95 (top panelgand att=190 (bottom panels The

region of anomalous resistivity is shown shaded. FIG. 9. (a) Isosurfacgu|=0.5 in run 2 att=240 showing pairs of outflow
jets along thex and z axes. (b) Isosurface|u|=0.3 for run 3 att=320
showing similar jets.

change at the origin by its tendency to revert the flayv
This is particularly true for small values 6f (see below. It
has been arguétithat secondary tearing only occurs if the tear and merge again, as indicated in Fig. 8=a190 and by
model for n,, is based on the current density and does nothe small peak in the second panel of Fig. 6 at the same time
occur if the model is based on the electron—ion drift velocity.and because thg,,, area continues to show a slight tendency
In the latter case, the density minimum at the origin wasto elongate outwards in a time-variable manner. Both effects
supposed to lead to a permanent localization of the anomdead to variations ofy,, at the new X-lines. Repeated sec-
lous resistivity. However, with the increasing extent of theondary tearing of this elongated current sheet section, typical
anomalous resistivity area, the density minimum becomesf the 2D systen{see the third panel of Fig. 6 and Ref.)31
progressively flatter, and the evolution is similar, only some-occurs only oncet=500-540) and is of minor dynamical
what delayed, for the drift velocity criterion. Secondary tear-importance. Obviously this effect requires even largédve-
ing occurred in all runs which exhibited spontaneous recause the tearing mode is most easily excited as a 2D
excitation of anomalous resistivitffor various parameter instability®* (although its nonlinear development may be
settings in addition to Table kt late stagest& 150). three-dimensiona). Increasing numerical diffusion in the
The plot of the field lines and of the profileg(x) and  nonuniform part of the grid|&|>10) may also have an in-
p(x) for run 2 in Fig. 8 demonstrates that the secondaryfluence.
tearing is not caused by the open boundary in the outflow A plasmoid with continuously rising pressure is formed
direction (x|=L,): it occurs at a time when the disturbance in the central O-line region by the outflow from the adjacent
created by the initial resistivity perturbation has not yetX-lines. This plasmoid relaxes primarily by setting up a pair
reached that boundary. It is also not caused by the nonunef outflow jets along the axis. These outflow jets, which are
formity of the grid, since the new X-line is formed =5 strongly confinedroughly to the cross section of the plas-
while the grid is uniform forlx| <10 (Table . moid), are shown for run 2 in Fig. (8). Their velocity
The topology change connected with the secondary teareaches 0V, duringt=200-380(Fig. 5. In 2D the relax-
ing does not inhibit fast magnetic reconnection, instead itation is only possible by slowly shifting the new X-lines
leads to re-amplification of the process. The reconnectiomutward along thex axis®! Also the area of anomalous re-
rate remains variable because the plasmoid in the center sfstivity starts to grow in the direction, forming a pair of
the system, which is permanently driven by the outflow fromropes at the surface of the plasmdkig. 10. At the same
the new X-lines, executes oscillatory motiofismay even time, the reconnection rate at the new X-lines decreases at
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FIG. 10. Volume of anomalous resistivity delineating the magnetic X-lines
in run 2 att=480, where maximum reconnection occurgzt=2.75.

thex axis, since an increasing amount of field line bending is [ t=352
required to convect flux toward the new X-lines, which are B
staying close to the swelling plasmoid, and since the increas- N 5L
ing pressure in the plasmoid resists the reconnection outflow N

from the new X-lines. This results in a splitting and displace-

ment of the maxima ofy,, andR off the x axis along these ol
ropes tow_ard Iafge values ¢f| after t=450. The secpnd 0 5 10 15 20
panel of Fig. 6 displays the decrease of the reconnection rate X

atz=0 as a continuous line and the global maximum of the , o

. . . IG. 11. Evolution of anomalous resistivity in the current sheet plane for
reconnection rate as a dashed line. The latter is observed g "5 (,=0.8).
stay almost constant in the short interval during which the
maximum is displaced at high apparent velocity to the
boundaryL,. The secondary tearing thus enables spreadingmounts of reconnected flux3) the flux —d, peaks
of the reconnection process in thalirection. However, the roughly at the time at which the rear side of the plasmoid
current limitation of grid sizes prevents a systematic investithat is created by the initial perturbation has reached the
gation of this phase. boundaryL, .

The time evolution of the reconnected flux in the first Turning now to the case of isotropic initial perturbation
quadrant  of  the current  sheet  plane, ® (run 3 withl,=0.8), we find that the evolution is largely, but
=[By(x,0z,t)dxdz/ 6z,(t), which is plotted in the bottom not fully, analogous to the case of anisotropic initial pertur-
panel of Fig. 6, also indicates enhanced reconnection aftdration (run 2). Again, the Petschek-like configuration ini-
secondary tearing and the spreading of the reconnection prdtially formed in the two symmetric slabs aroufaji=z; turns
cess in thez direction. The “outer” reconnected fluxd, out to be not a stable configuration. Figure 11 shows the
<0) between the dominant X-line and the boundaryL evolution of the anomalous resistivity in the current sheet
and the “inner” reconnected fluxd;>0), which accumu- planey=0, where the maximum o% remains during the
lates between the dominant X-line and thexis after sec- whole run. The initial elongation of thg,, area in the direc-
ondary tearing, are plotted separately. One has to keep ition of the outflow and the subsequent decrease;gfx
mind, however, that these quantities still carry signatures of=0) are similar to run 2. The combined effect of the coher-
several processes, which are difficult to disentangle anént outflowu,, which extends over a largerinterval than
quantify. Both parts of the flux are influenced by convectionthe anomalous resistivity and includes the plae0 (cf.
across the boundaries=L, or z=L,. The area of integra- Fig. 4), and the continuing inflow, let the 7,, area then
tion, and consequently the proportion betwekgy and ®; , approach thex axis. Secondary tearing in the plame-0
depend on the location of the dominant X-line, which isoccurs immediatelytE 72), also being supported by the still
strongly shifted in the 2D run. Coalescence of magnetic isteversed flowu,(0,y>0,0)>0. A magnetic configuration
lands after secondary tearing annihilates previously reconidentical to the one shown in the bottom panels of Fig. 8 is
nected flux. Finally, there is some arbitrariness in the norformed. The subsequent evolution is qualitatively similar to
malization ofd for the 3D runs, required for the comparison the casd,=8, although the reconnection rate remains much
with the 2D run: it can be done usidg, L,, or the instan- smaller and is far less variable. This reflects the fact that here
taneous extent of the anomalous resistivity regm,(t). the driving reconnection at the new X-line is far less coher-
Nevertheless, one can see tfiBtmaxima of d®|/dt corre-  ent inz and the flowsu, , , have to be partly reorganized in
spond to enhanced reconnection rates in the upper panels gfface. The reconnection rate was found to depend only
the figure,(2) run 2 and the 2D run lead to comparable weakly on the parameter,, in the range 1.&v,<1.5. The
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FIG. 12. Lines of current flowithick lines and their projections onto the
y plane (thin lineg for run 2 (,=8) att=95. The lines start either at
=0.07 or aty=—0.6 at the bottom of the box.

outflow jets along thez axis are also formedlFigs. 5 and FIG. 13, Cont Fil (thin lineg and g, (thick ines § -
. " _ . 13. Contours ofj,| (thin lines and »,, (thick lines for run 2 in the
9(b)]. The maximum outflow velocities are,=0.8 att planes containing the maximunj,| during the Petschek-like phase (

~400 aan;:_ 0-?’ att= 390_450- The splitting of the maXi'_ =095) and after secondary tearint=(190). Run 3 vyields a similar picture
mum resistivity in thez direction and the subsequent rapid (not shown.

displacement of the maximum along the new X-lines to the

boundary|z|=L, occurs att>310. As in the casé,=8, _

there is a strong tendency toward a quasi-2D configuration in h.=j-B.

the numerical box, based on the formatiorvgf,ropes along  |ts time derivative is related to a temporal change of the

the new X-lines(Fig. 11. In a larger system, it can be ex- parallel current density. In dimensionless units:
pected that the reconnection rate and the outflow velocities

rise further as soon as the quasi-2D configuration eXte“d&=(9tj~B+j-atB
over a sufficiently large intervalz>1 and the overall con-  dt

figuration becomes similar to run 2. .
L . N =[VxVX(uxB)]-B—[VXVXx -B
The secondary tearing is essential to reach a significant [VxVx(uxB)] [VxVx(ni)]
reconnection rate in the case of an isotropic initial perturba- +[VXx(uxB)+ nAB]-j. (13

tion, because it leads to growth of the area of anomalou

resistivity in thez direction. The second term shows that contributions to the growtjy of

result not only from the presence of resistivity but also from
nonvanishing first and second spatial derivatives. The deriva-
tives of  are particularly important at large Lundquist num-
Field lines ofj(x) are displayed for run 2 in Fig. 12. bers, where the terms proportional fobecome small. That
These visualize the current diversion which is caused by théhese contributions are indeed essential can be seen in Fig.
finite z-extent of both the resistivity region and the reconnec-13, where contours of, and » are plotted for run 21
tion flows, u, andu, . Lines of current flow starting close to =8) during the Petschek-like reconnection phase 95)
the current sheet plang=0 are diverted mainly in th&  and after secondary tearing has occurred 190). At both
direction, while lines starting at a certain distance frgm times the highest parallel current density components are
=0 are diverted mainly in thg direction, to form the current created close to the surface of the region of nonvanishing
density ridges shown in Fig. 3. The current diversion is retesistivity, where the first and second derivativeszofre
lated to the generation of current components parallel to theoth large. Figure 14) displays isosurfaces df,| for the
magnetic field, which are of particular significance becaussame dataset € 190) at two levels. The concentration of the
the resulting parallel electric fieldE,= 7,4, , may dominate highest parallel current densities close to the surface of the
the acceleration of particles and because the currents may besistivity region is again apparent. The lower-level isosur-
directly observable as the “substorm current wedge” inface shows that the overall structure of fheegion follows
events of magnetospheric activity. Note tBat=j,=0 in the  the current density ridges seen in Fig. 3 and that there is a
2D evolution of neutral current sheets. The generation osecond region of enhanced parallel current components at the
parallel current components is caused by the plasma flow agar side of the outgoing plasmoid. Significjgptomponents
well as by the existence of nonuniforfanomalousresistiv-  are thus also created at lines of current flow far away from
ity. This can be seen by considering the current helicitythe resistivity regior(cf. Fig. 12. The latter effect is due to
density26-37 the shear of the outflow, which is diverted around the outgo-

E. Parallel current density and electric field



Phys. Plasmas, Vol. 7, No. 1, January 2000

(a)1,=8, t=190

(b) 1,=0.8, t=384

 m

Leoly, Ly

z

FIG. 14. (a) Isosurface ofj,| for run 2 att=190. The 14 per cent level is
displayed in the left half of the boxx&0), and the 7 per cent level is
displayed in the right halfX>>0). The maximum parallel current density is
ji(x=2.4y=0.13z=1.75t=190)=1.4j(0). (b) The same for run 3 at
=384[4 per cent of maj()=j,(1.7,0.8,0.2,384F 2.1j(0)].

ing plasmoid, and has been discussed in detai
previously?®=2° The highest parallel current densities occur
as a result of secondary tearing=180-420 in run 2 and
=350-450 in run Bat the surface of the central plasmoid
close to the area of anomalous resisti\fiBig. 13 and Fig.
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initiated by applying a resistivity perturbation boundedxjn

y, andz Particular attention was paid to the question of the
development of the so-called spontaneous fast reconnection
regime. The results can be summarized as follows.

)

)

|
©)

14(b)]. The maximum parallel current densities reached in

run 2 [max(j,)=2.4j(0)] and run 3[max(j,)=2.1(0)] are
comparable.

The parallel electric field peaks where the volumes of
anomalous resistivity and high parallel current density inter-

sect, i.e., at the surface of the central plasmoid close to th
new X-lines after secondary tearifgig. 13. For both runs
2 and 3, the temporal maximum & is related to a strong

e

oscillation of the central plasmoid, which tends to tear in the

x direction but merges again, ni&(x=4.0y=0.09z
=3.5t=197)]=1.3x10"2 in run 2 and mapE (2.7,
0.7,0.6,352)=1.7x10 2 in run 3.

IV. CONCLUSIONS AND DISCUSSION

In this paper we have investigated, within the framework
of one-fluid MHD, the three-dimensional dynamics of mag-

4

netic reconnection in a compressible Harris current sheet

with initially antiparallel magnetic field and dynamically

coupled resistivity. The three-dimensional development was

The dynamical development depends strongly on the
elongationl, of the initial perturbation in the direction
relative to its dimensionk, andl, . Only for sufficiently
anisotropic resistivity profiles witIhZ>|’Z*>IX,y will the
inflow along thez axis be sufficiently weak so that the
reconnection inflow in the direction and a fast recon-
nection regime can develop in a manner similar to the
two-dimensional case. For the Harris sheet Witk |,

~1 andv=3, the critical elongation} lies in the
range 4—8. Over a period of 10°7,, a Petschek-like
reconnection regime is built up but remains bounded to a
slab around the plane=0, the width of which is ap-
proximately equal to twice theextent of the initial per-
turbation.

The system is not able to sustain the Petschek reconnec-
tion regime in a(quasi) steady manner, instead the re-
gion of anomalous resistivity at the X-line becomes in-
creasingly elongated with time in thedirection, thus
temporarily resembling a Sweet—Parker configuration.
This leads to a decrease of the reconnection rate in the
region of the initial perturbation. As a result, the system
shows a transition of topology known as secondary tear-
ing, i.e., a symmetrical pair of X-lines is formed and the
original X-line is replaced by an O-line. This process is
supported in the three-dimensional case by the inflow
along thez axis and occurs even with the drift velocity-
based criterion for resistivity enhancement. The second-
ary tearing leads to enhanced and time-variable recon-
nection, to a second pair of outflow jets directed along
the O-line, and to expansion of the reconnection process
along the newly formed X-lines in thedirection.

The requirement on the anisotropy of the initial pertur-
bation can be relaxed by lowering the threshold for the
excitation of anomalous resistivity substantially below
the value commonly used in two-dimensional simula-
tions. The system with an isotropic initial perturbation
then evolves through a partly Petschek-like reconnection
regime but experiences secondary tearing relatively
early. Subsequently, the evolution proceeds in a qualita-
tively similar manner as in the case of a strongly aniso-
tropic initial perturbation. With the expansion of the re-
connection process along the new X-lines, significant
reconnection rates are achieved after severalAlfyén
times.

The three-dimensional reconnection process forms sub-
stantial current density components along the magnetic
field, maxj,(x,t)]~2.4j(0) for|,=8 and~2.1j(0) for
I,=0.8. Their maximum lies at the surface of the plas-
moid formed by secondary tearing near the boundary of
the anomalous resistivity regiofi.e., near the new
X-lines). Also the maximum parallel electric field occurs
near the new X-lines, within the region of anomalous
resistivity. It is of orderE,~(1-2)x 10 2 and is rather
insensitive to the elongatidn of the initial perturbation.
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The choice of a strongly anisotropic perturbation ( plasmoid formed through secondary tearing may occur. This
>, in run 2 has permitted a detailed comparison of theeffect has been seen in two-dimensional simulafibffsand
different phases of three-dimensional spontaneous resistiwill be studied in 3D as well.
reconnection in initially antiparallel magnetic fiel¢iseutral The growth of the region of anomalous resistivity into
current sheejswith the two-dimensional case. However, asthe direction of the reconnection outflawy turned out to be
discussed already in the Introduction, this configuration withan essential element of the dynamics that leads to secondary
the anisotropy oriented across the magnetic field is not extearing and subsequent growth of the perturbation intazthe
pected to occur spontaneougbaused, e.g., by fluctuations direction. This effect is related to the inability of the fluk
in a marginally stable equilibriuinin cosmic plasmas. Pos- least in standard MHDPto carry a sufficient amount of mag-
sibly an ideal MHD instability can be found which enforces netic qu>§ into a strongly localized diffusion region to support
such a configuration. Simulations of the recon;%guration of arthe Alfvénic outflow of reconnected flux in steady state.
arcade of magnetic loops in the solar atmosptiemes sug-  Higher inflow velocities into the diffusion region occur in
gestive in this direction and have been taken in the literaturéore general fluid Orﬁkigetic treatments of collisionless and
to justify two-dimensional models of the subsequent reconsesistive reconnectiorl,™ where separate electron and ion
nection, but this particular instability requires a large guidescales form. How these faster flows match to the outer re-
field component. gions, where the electrons and ions are coupled, and thus the

Our study of spontaneous reconnection initiated by arfjuestion of whether the growth of the diffusion region is
isotropic perturbationl{=I,=1, in run 3 required that a enforced by the large-scale flow pattern irrespective of its
lower threshold for the onset of anomalous resistivity be chomicroscopic physics, requires further investigation.
sen than commonly used in 2D simulations, which, however,
appears physically reasonable. Although this system did noA
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