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A B S T R A C T 1. I N T R O D U C T I O N 

Collisionless reconnection of magnetic field lines depends 

upon electron inertia effects and details of the electron and 

ion distribution functions, thus requiring a kinetic descrip­

tion of both. Though traditional explicit PIC techniques 

provide this description in principle, they are severly lim­

ited in parameters by time step constraints. This param­

eter regime has been expanded by using the recently con­

structed 2.5 D electromagnetic code AVANTI in this work. 

The code runs stably with arbitrarily large A( and is quite 

robust with respect to large fluctuations occurring due to 

small numbers of particles per cell. We have found sev­

eral qualitatively new features. The reconncctvon process 

is found to occur in distinct stages: 1) early spontaneous 

reconnection fed by the free energy of an initial anisotropy 

in the electron component, 2J c^a'.sscence of the resulting 

small-scale filaments of electron current, accompanied by 

electron jet t ing, and 3) oscillatory flow of electrons through 

the magnetic X-point, superposed on continuing nonlinear 

growth of ion-mediated reconncction. The time evolution 

of stage 3) is strongly dependent on M ; / m e . 

Keywords: Collision less Reconnection, Implicit PIC Simu­

lation 

We report here continued research 1 on the evolution of 

magnetic field reconnection in a collisionless plasma neu­

tral sheet, using implicit particle-in-cell computer simu­

lations. The general two-dimensional collisionless neutral 

sheet configuration is thought to be of relevance to the 

magnetotails of Che earth and other magnetized planets, 

where reconnection is associated with magnetic sub-storms; J 

and to the eventual fate of tangled magnetic field lines in 

collisionless astrophysical plasmas, in which estimates of 

the thermal conductivity depend sensitively on the largely 

unknown rate of field-line reconnection. 3 The specific pa­

rameters of our simulation are quite close to plasma condi­

tions in the laboratory reconneclion experiments of Stenzel 

and Gekelman. 4 

In simplest form reconnection in a cottisionat plasma 

can be modeled using the MHD equations with a fixed 

value for the plasma resistivity. This yields a reduced, 

one-fluid description in which the large-scale topology and 

dynamics of reconnecting regions can be studied. By con­

trast , eollisionltss reconnection of magnetic field lines de­

pends on electron inertia effects and the detailed behavior 

of the electron distribution function to provide the neces-



sary freedom for magnetic topology changes. The forma­

tion of a non-Maxwellian tail on the ion distribution can 

be an important observed consequence of collisionless re-

connection. Hence a faithful computational model must 

include a kinetic description of both electrons and ions. 

Altnough traditional explicit particle-in-cell (PIC) tech­

niques provide this description, stability requirements re­

str ict simulation parameters to artificially small ion-to-

electron mass ratios (e.g. A/ i /m, as 10 to 25), and short 

temporal periods (e.g. 100 plasma periods u £ ! or less) 5 . In 

the present paper & new 2.SD fully electromagnetic Direct 

Implicit PIC plasma simulation code AVANTI 6 allows us 

to follow the dynamics of collisionlesu reconnect ion for all 

relevant Mifmtt and for a factor cf 2 to 3 longer timcscales. 

T h e code runs stably with arbitrarily large At and is quite 

robust with respect to large fluctuations occurring due to 

small numbers of particles per cell. This code is ideally 

suited for studies of magnetic reconnection because of the 

incieased flexibility in time step selection. High frequency 

electron plasma oscillations that are immaterial to mag­

netic reconnection need not be resolved numerically. Sim­

ilarly, purely electromagnetic modes are unimportant in 

this process and are not resolved. We select the appro­

priate t ime step, typically w^AC RS 1-2, needed to give de­

tailed resolution of electron gyro-motion and other particle-

field interactions that are important to collisionless recon­

nection. Further details of this method can be found in 

Hewett and Langdon 6 and references therein. Overall, we 

est imate tha t this implicit technique has expanded the pa­

rameter regime that can be studied by at least an order of 

magni tude . 

The simulation region consists of a 40x96 x-y mesh, 

with all quantities initially uniform ;n y. Starting with 

a constant ion temperature and a Gaussian ion density 

profile we derive the initial equilibrium fields shown in 

Figure 1(a). The initial neutral sheet width 6 is 2c/u/pt. 

Larmor radii for electrons and ions outside of the neutral 

sheet are pe = 0.4c/w p d and pi = 20c/fjpe, respectively. 

By way of comparison, the laboratory reconnection exper­

iments of Stenzel and Gekelman 7 typically use 6 = 3e /w p e , 

pt = QAc/wpi and pt = 2e /w p e . The i-gradient in magnetic 

pressure near the neutral sheet is balanced by gradients in 

electron and ion particle density. Periodic boundary con­

ditions are imposed at the top and bot tom of the box. At 

the sides of the box, fields and particle densities approach 

values that are constant with z. Boundary conditions a t 

the sides are perfect reflection for particles, Dirichlet con­

ditions for £ , and Neumann conditions for B . 

This equilibrium resembles the Harris equilibrium, 8 but 

the ions carry no current, and arc electrostatically con­

fined. We also allow for anisotropy in electron tempera­

tures parallel (7«[|) and perpendicular (TtjL) to the initial 

magnetic field. Following the work of Chen and Palmadesso, 0 

wc allow a cooler 7*e|| to trigger the initial stages of recon­

nection. 

2. SIMULATION RESULTS 

Figure l (b-d) shows the time evolution of the magnetic 

field topology for a typical simulation. Contours of mag­

netic flux are shown as solid lines; the innermost (dotted) 

contour is the "separatrix", inside of which lies magnetic 
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Figure 1. a) Profiles of initial electrostatic field Et (dashed) and 
magnetic field Bv (solid) across the neutral sheet. Both fields 
have units of mec^ptc/e. The sheet current in the z direction 
is carried by electrons. Ions are contained by the electrostatic 
field. The initially uniform electron and ion temperatures are 
T«i/m«e' = 2.8 x 10" 2 , Tt% = (-1/9)7,1, Tt/m^e* = 8.0 x I0"V 
(b-d): Magnetic flux contours (solid) and separatrix (dotted) 
in x-y plane: (b) At t = SOUp,1. showing small-scale electron-
driven filaments; (c) At t = JGOw",1, as coalescence begins; (d) 
At t = 410a;"1, with only one X-point remaining. 
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flux tha t has become trapped due to reconnection. Frame 

1(b) shows the magnetic configuration characteristic of the 

early stages of reconnection, before the ions have had time 

to move. T h e electron current at the neutral sheet has 

already formed small-scale filaments, resulting in several 

magnetic X-point a within the simulation volume. Later, 

Figure 1(c) shows tha t some of these small-scale 6laments 

have coalesced. Still later, when enough t ime has passed for 

ion dynamics to become important, we see one remaining 

magnetic b land , as in Figure 1(d). This stage of the pro­

cess is typically reached in aproximately 1-3 Alfv£n transit 

t imes. The remaining O-point continues to grow in ampli­

tude, for our parameters , until the separatrix approaches 

the boundaries of the simulation box. T h e simulation is 

then terminated; further results would be artifacts of the 

boundary conditions. 

A normal component of the electric field (EM) develops 

as the small-scale current filaments coalesce; this field is 

consistent with the E x B drift of the electrons (but not 

t he unmagnetized ions) into th>? final O-point through the 

X-point. The resulting electron current in the x-y simula­

tion plane generates a normal component of the magnetic 

field (£*) with quadrupole structure. Shown in Fig. 2 are 

the a) contours of E, and b) BM a t the same time as Fig. 

Id contours. Hoshino 1 0 showed that the suppression of this 

quadrupole field does not affect the ra te of magnetic recon­

nection, suggesting that B9 is not a cause, but an effect, of 

t he reconnection process. 

Simulations with large ion-electron mass rat io {Mi/mt > 

200) reveal an oscillation in the sign of the normal Ba 

quadrupole. The cause is an oscillation in the electron flow 

through the X-point. Since the magnetic field is "frozen" 

into the electron component, the magnitude of t rapped 

magnetic flux will also oscillate as the electrons flow into 

and out of the O-point. Observation of trapped flux as a 

function of time for various Mi/me provides information 

about the moderating influence of the ions on the electron 

oscillation. This temporiat behavior is consistent with the 

Figure 2. The normal component of the (a) electric field consis­
tent with the magnetic flux configuration of Fig. Id and (b) the 
magnetic quadrupole atruture of the normal component of the 
magnetic field for the same configuration. 

ions a t tempt ing to follow the electrons into t he O-point, 

pulled by an ambipolar electric field. For large ion-to-

electron mass ratios (> 200), the electron flow reverses 

before the ions can neutralize the excess electronic charge. 

These curves are shown in Figure 3 for six different values 

of Mifmt. 

Late in t ime after the oscillations damp out, the t rapped 

flux grows approximately linearly in t ime, at a ra te propor­

tional to the ion-acoustic speed, v, = (kT,/Mi)l'*. (Consis­

tent with this scaling, in the limit Af , /m, - • co the t rapped 

flux experiences simple oscillation with no secular growth.) 

This late-time oscillation and secular growth of t rapped 

flux is a qualitatively different phenomenon than has been 
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Figure 3. Trapped magnetic flux v% time, for lix different Aii/m«. 
In all cases, Tt^fTtL = 4/9 initially. The long-time linear growth 
U proportional to Mt . 

reported in previous studies. 1 Previous investigators, using 

A/ . /m,=10-25 , saw the coalescence of small-scale magnetic 

islands and sometimes saw oscillatory behavior, but after 

the island began to interact with the outer wall. Inade­

quate separation between the ion and electron timescales 

would obscure the late time oscillations that we see result­

ing from charge separation electric fields and from E x B 

forces, superposed on continued secular growth of trapped 

flux (Figure 3). 

The nature of the three temporal regions described 

above for M,/m« > 200 can be clarified by an idealized 

simulation having T^/TtX = 0, and A/ , /m, = 2000. Fig­

ure 4 shows the time evolution of a) trapped magnetic flux, 

b) quadrupole t component of magnetic field, c) electron 

flow energy in the y- and z-dircctions, and d) z compo­

nents of electric field and current. Region I, in which the 

trapped flux grows linearly with time, corresponds to the 

early electron-driven formation of smalt-scale current fila­

ments as evidenced in Figure 1(b). Region II corresponds 

to the coalescence of the small-scale multiple X-points, and 

shows exponential growth of trapped flux. The end of re­

gion II is signaled by a peak in y-directed electron energy 

consistent with jetting, and a corresponding reduction of 

the z-directed energy caused by the E, required for the 

jetting. In Region 111, ions play the decisive role: an am-

bipolar electric field between the electrons and much-more-

massive ions reverses the electron flow, causing oscillations 

back and forth from the external region through the X-
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Figure *. Time evolution of an idealized simulation with initial Ttf/Tt± = 0 and Mi/mt = 2000: (a) trapped magnetic flux; 
(b) peak-to-pcak amplitude of quadrupole magnetic field B«; (c) electron flow energy in the y- and z-directions versua time; 
and (d) E, (dots) and Jt (triangles) at the v-position of the X-point, averaged over x. 



point to the O-point. These oscillations are seen most 

clearly in Figure 4(b). 

The oscillations that are evident in the z component 

of the electric field, Figure 4(d), are not found in the z 

component of the current- In fact there is no proportion­

ality at all between the time behaviors of E„ and J, . The 

z components of the current and electric field do not even 

occupy the same volume in our simulations. Early in the 

recoonection process the electrons that carry J, move away 

from the X-potnta, and subsequent currents flow in the 

vicinity of the O-points. This behavior is seen in labora­

tory reconnection experiments as well. 1 1 Even if there were 

an "anomalous resistivity** i)y the rate of dissipation nJ7 

would be quite small at the X-point, since JK is small there. 

Thus the MHD picture with an "anomalous resistivity" rj 

acting on the 2-component of current at the X-point seems 

to be qualitatively incorrect for the cases we have exam­

ined here. There remains, however, the more speculative 

possibility that "anomalous" dissipation might operate on 

the oscillating electron currents in the x-y plane. 

3. DISCUSSION 

The results of the present work agree qualitatively with 

behavior seen in previous computer simulations' at early 

and intermediate times : l ) initial formation of small-scale 

magnetic islands, and 2) rapid coalescence of these into 

larger structures, with concomitant development of a driv­

ing Ea. We observe a new type of behavior at later times, 

for ion-to-electron mass ratios above 200: oscillatory elec­

tron currents through the X-point in the x-y plane, super­

imposed on linear (not exponential) growth of trapped flux 

at a rate proportional to (Tc/M,) 1 ' 3 . 

The distinction between regions I and II in Fig. 4 is 

the linear, rather than exponential, growth of trapped flux 

at early time. Previous speculation 1 that the distinction is 

not due to the extreme initial anisotropy (Tt^/Ttl_ = 0) has 

been proven. Shown in Fig- 5a are plots of trapped flux 

for two runs starting with anisotropics having the extreme 

value of 0 and our canonical value of 4 /9 . The qualitative 

Figure 5. Trapped magnetic flux vs time with (a) all parameters 
equal except for different Tt$/TtjL. Shown in (b) is a compar­
ison with Tt^lTtx — 4/9 but with one run having an order of 
magnitude more particles. 

similarity of the two runs throughout the time and espe­

cially in the early time surrounding regions I and II affirm 

our early speculation. 

The second more likely possibility for the distinction 

between regions I and II is that the large fluctuation noise 

is associated with the limited number of simulation parti­

cles {Nt ~ Ni = 27,000). This noise provides very early 

"reconnection" with sufficient amplitude to obscure the 

early exponential growth. Simulation of this problem with 

{Tt\\/Tt± = 4/9) and an order of magnitude more particles 

(Nt = AT,- = 216,000) docs indeed show exponential growth 

(Fig. 5b) and the absence of the linear growth of region I. 

Further- we And the exponential growth to be consistent 

with the linear collisionless electron-driven tearing mode 

instability". 

The evidence is that simple fluctations near the field 



Figure 6. Time histories of the Fourier amplitudes for the many 
particle run shown in Fig. 5b. The most unstable mode Jfc„ = 
0.2wy (/e clearly dominates the mode with half the wavelength 
kv — OAdJpg/e that appears to be the most unstable early in the 
high noise runs (as in Fig. lb). 

null cause small scale islands to form with amplitudes pro­

portional to the initial particle noise level. These early 

islands, through not the roost unstable length in y, dom­

inate the simulation until the exponential growth of the 

most unstable island length overtakes the growth of the 

early perturbations. Large numbers of simulation particles 

suppress the initial noise-related perturbations and exhibit 

only exponential growth of the most unstable mode. This 

result is further supported by examining the Fourier spec­

trum in y of Bt in Fig. G that shows the linearly-predicted 

most unstable mode dominating the mode with one-half 

the wavelength. 

We note that the simulation with fewer particles dis­

plays excellent qualitative agreement (see Fig. 5b) for 

those phenomena occuring in the nonlinear regime-providing 

confidence for further study with relatively inexpense sim­

ulations using fewer simulation particles. 

Our simulations indicate that the region showing oscil­

latory behavior (Region III of Fig. 4a) is one in which an 

electron current flows into and out of the O-points through 

the X-points. The ions attempt to follow the electron cur­

rent, pulled by an ambipolar electric field. But only for 

small ion-to-e!ectron mass ratios (< 200) can they succeed 

in doing so before the electron flow reverses. Such behav­

ior emphasizes that in our simulations the magnetic flux is 

frozen into the electron component rather than the plasma 

as in the usual MHD formulation. 

This research was performed under the auspices of the 

U.S. Department of Energy by the Lawrence Livermore 

National Laboratory under contract no. W-7405-ENG-48. 
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