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of Externally Driven Magnetic Reconnection 
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Externally driven reconnection, assuming an anomalous particle collision model, is nu

merically studied by means of a 2.5D macroscale particle simulation code in which the field 

and particle motions are solved self-consistently. Explosive magnetic reconnection and energy 

conversion are observed as a result of slow shock formation. Electron and ion distribution 

functions exhibit large bulk acceleration and heating of the plasma. Simulation runs with dif

ferent collision parameters suggest that the development of reconnection, particle acceleration 

and heating do not significantly depend on the parameters of the collision model. 
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§1. Introduction 

Magnetic leconnection is a process by which the magnetic field line topology is changed 

and the magnetically stored energy is released to the plasma kinetic energy. The topology 

change of the magnetic field \h..&, which means the local breakdown of the frozen-in condition, 

leads to a global change of the plasma configuration and an enhanced transport along the 

reconnected field lines. In addition to this, the energy conversion causes a global change 

of the energy state. Thus, it seems that magnetic reconnection plays a key role in many 

energy relaxation processes in space and laboratory plasmas. Particularly, externally driven 

magnetic reconnection can convert the magnetic energy into the plasma energy in a much 

shorter time than the resistive diffusion. It is considered a most plausible mechanism of 

explosive energy release phenomena such as the solar flares, magnetospheric substorms and 

tokamak disruptions. 

A theoretical model of magnetic reconnection, purely annihilation model, was suggested 

first by Sweet1^ and Parker2^, but the reconnection rate depends strongly on the electrical 

resistivity and is too small to explain the rapid solar flares. In the meantime, Petschek3) 

pointed out the importance of the role of the magnetohydrodynamic(MHD) wave in the 

downstream and suggested a fast reconnection rate to account for the rapid energy conversion 

rate. His model was modified by Sonnerup4^ and Yeh and Axford5^ based on a dimensional 

analysis. 

Numerical simulation has played a leading role in understanding the dynamical behaviors 

of the magnetic reconnection process. The importance of an externally driven reconnection 

was first pointed by Sato and Hayashi using a 2D MHD simulation6-9^. They show that the 

externally driven reconnection process converts the free magnetic energy to the plasma kinetic 

energy(acceleration and heating) in a time scale much faster than the resistive diffusion time 
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as a result of slow shock formation. It is also pointed out that resistivity (internal condition) 

acts as a catalysis in the development of reconnection and the driving plasma flow(external 

condition) governs the whole evolution. 

Through research efforts by many10-12), the global behavior of the magnetic reconnection 

process has become more understood. However, kinetic behaviors of electrons and ions 

remain unclarified, e.g., generation of energetic particles in the magnetotail and anomalous 

ion heating in the reversed field pinch (RFP)13^. Single particle motions are studied in 

the static field14) and in the space- and time-varying field15). In the plasma, however, the 

particle motions and fields are inseparable and self-interacting. Therefore, in order to have 

a complete understanding of particle acceleration and heating in the reconnection process a 

self-consistent study of the fields and particles is required. 

In this paper, we numerically study the externally driven reconnection by means of a 

two and a half dimensional (2.5D) macroscale particle simulation code in which the field and 

particle motions are solved self-consistently. The macroscale particle simulation code16-19) is 

so programmed that kinetic processes interacting with magnetohydrodynamic processes can 

be treated. 

In order to simulate a fully self-consistent driven reconnection where collisionless dissi

pation or anomalous resistivity can be spontaneously taken into account, three dimensional 

behaviors must be considered. In the present 2.5D model where the variations along the neu

tral sheet current are ignored, collisionless dissipation can not adequately be dealt with. We 

thus introduce an anomalous collision model such that the collision frequency is dependent 

upon the magnitude of the neutral sheet current. Specifically, we assume that some micro

scopic current driven instability occurs when the neutral sheet current is locally enhanced by 

compression due to a converging driving flow and exceeds a certain threshold. 
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In section 2 the fundamental equations, the initial condition, the boundary condition 

and the particle collision model are described. In section 3 the results of five representative 

simulation runs are shown.. First, we see the development of driven reconnection, and ac

celeration and heating of the plasma for a typical case and, then, investigate the influence 

of the particle collision frequency and threshold current on the reconnection process, along 

with the particle acceleration end heating by examining the temporal change of the particle 

distribution functions. Conclusion is given in section 4. 

§2. Simulation Model 

In order to cover the MHD space and time behaviors along with the particle kinetics, we 

use a 2.5D macroscale particle simulation code, in which the time-decentered discretization 

technique is used both in the equations of particles and fields, in other words, implicit source 

terms are introduced in the field-particle coupled equations. By using this technique and 

taking a large time step one can damp out arbitrarily high frequency modes and thus desired 

low frequency phenomena can practically be dealt with. 

The equations to be solved ate a full set of Maxwell's equations, namely, 

V*E = - i f , ,0 

VXB - i f + £ n 
V - E = 4TT/7, (3) 

V - B = 0, (4) 

and the equations of motion for electrons and ions, namely, 

dv 1 
ms— = g,[E(x) + - v x B(x)], (5) 

at c 
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• * = v ' ( 6 ) 

where x, v , qs and m, are the position vector, the velocity, the charge and the mass of a 

particle, respectively, and the subscript s denotes the particle species (electron or ion). The 

current density j and the charge density p are defined by summing up all the particles, 

j(x,<) = E E ^ W S t x - x ^ ) ] , (7) 

P(M) = E£?*S[x-*,(')]> (8) 

where S[x] is a shape function to assign the particle quantity to the neighboring field 

grids. We numerically solve the time evolution of these field-particle coupled equations, 

eqs. (1),(2),(5), (6) and (7). Equations (3) and (4) are initially satisfied. Homogeneity in 

z-direction( d/dz = 0) and symmetry (anti-symmetry) about the x and y axis are assumed. 

In actual simulations we solve these equations only on one quarter of the x-y plane by the 

symmetrical or anti-symmetrical condition. 

The initial plasma condition is set to satisfy the following MHD equilibrium condition: 

j x B = Vp, (9) 

where an isotropic pressure profile p is assumed. Actually, we use a Harris-type antiparallel 

magnetic field configuration in which the magnetic field has only the x component and the 

amplitude varies only along the y axis as 

Bx{y) = B0Unh{y/L). (10) 

The current j(y) and the pressure p(y) are 

j*(y) = iosech2(y/£), (11) 

p(y) = p0sech2(y/L), (12) 
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where j 0 = CBQ(ATL, p 0 = cBl/8ic, and L is the characteristic length of the initial configu

ration. We have assumed the electric field to be zero initially in the entire simulation box. 

The densities of electrons and ions, pe and p,, are assumed uniform and satisfy the neutral 

condition( p = qepe + qxpi = 0 ). The electron temperature Te is assumed to be equal to the 

ion temperature T{. Consequently, the pressure of the electron and ion are the same and the 

pressure gradient is equivalent to the temperature gradient. 

In the actual calculations all variables are normalized by using the following four basic 

units: wpe (electron plasma frequency), c (speed of light), me (electron mass), and e (electron 

charge). Accordingly, the time, the length, the electric field, and the magnetic field are 

normalized by u>~*, c/wpe, meCWpe/e, mecujpe/e, respectively. 

The actual simulation system is a rectangular box surrounded by four planes, x = 0, 

x = Lx, y = 0 and y = Ls. This is implemented on a 61 x 61 point grid. The boundary 

plane at y = Ly is the input boundary through which a plasma flows in. More specifically, 

we apply an electric field in the negative z direction at y — Ly and drive the plasma toward 

the neutral sheet by the B x B drift. The electric field applied at the input boundary, -Ei.j,., 

is given by 

Ei.h.(x) = -
- ^ • ( 1 + cosf^rTr) for 8 < x < Lx, 

2\ L,-S I - - { 1 3 ) 

-E0 for 0<x<8. 

The electric field, JE"O, is increased monotonically in time and fixed to Eo at T = 4000UJ~*, 

which is roughly 2rA where TA is the Alfven transit time. 

The boundary located at a; = Lx is the output boundary. The condition of the output 

boundary consists of the following two conditions. One is the particle condition such that the 

particles can freely get in and out and the other is the field condition that the waves can be 

absorbed there (no reflection). In order to satisfy these conditions we set an extra damping 
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region beyond the output boundary. 

Let us now describe our collision model. The initial plasma is assumed a collisionless 

plasma, so that no resistivity exists in the plasma. But, since the neutral sheet plasma is 

compressed by the plasma inflow given by eq. (13), the neutral sheet current around the 

origin is strengthened with time. It is supposed, therefore, that some microscopic current 

driven instability will be eventually generated, whereby electrons and ions will be scattered 

by unstable waves. For the sake of simplicity and conservation of the particle energy by each 

collision, we adopt such a collision model that scattering of electrons and ions by unstable 

waves takes place only in the ^-direction (in the direction of the neutral sheet current). The 

model collision frequencies for electrons and ions we take in this study are given by 

Vo<*s(J ~ JcY/Jl for j>jc, 
v, = < (14) 

0 for j < j c , 

where j c is the threshold current and aa is a properly chosen constant. The subscript s denotes 

the particle species. This collision model conserves the total momentum by collisions. 

§3. Simulation Results 

Simulation parameters are as follows: the mass ratio is mllme, = 40, the magnetic field 

intensity is BQ = 0.3meca'pe/e, the characteristic length is L = 100c/uJpe, the simulation 

box dimension is Lx = 300c/cjpe and Ly = 200c/wpe. The Alfven transit time rA(= L/VA) 

becomes 2134u>~* for these parameters. The electric field at the input boundary E,b is 

4.0 x 10 -3mecuipe/e and the maximum input flow speed is O.28V4. 

Five parameter runs (A-E) with different particle collision frequencies i/0 and threshold 

currents j c , which are given in Table I, are performed with intent to investigate the influ

ence on the development of reconnection and the plasma acceleration and heating. Case D 
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corresponds to a high threshold current and case E to a collisionless case in which no model 

collision is introduced. 

In what follows we first show how the reconnection process and the acceleration and 

heating of plasma progress for a typical case(case A). Then we show the influence of the 

particle collision frequency and the threshold current on the development of the reconnection 

process and the particle acceleration and heating. 

§3.1 Development of reconnection 

The temporal evolutions of the magnetic field line topology (contour plots of the vector 

potential) and the plasma flow velocity for the four quadrants aTe shown in Fig. 1. The left 

panels present the temporal evolution of the magnetic field lines and the right panels present 

that of the plasma flow velocity. The flow velocity is normalized by half of the Alfven speed 

defined by the magnetic field and the density at the initial input boundary. The magnitude 

of this speed is indicated at the top-right corner of each panel. 

We start the simulation run with the MHD Harris-type equilibrium. We apply an electric 

field at the input boundary so that the plasma can gradually squeeze into the simulation box 

by the Ex. B drift. At T = 2000U/J,.1, the plasma flow is found to have reached to the neutral 

sheet. At T = lOOOOŵ ,1 the magnetic field lines are observed to bend concavely toward the 

neutral sheet. Reconnection has not yet begun at this stage. At T = 200000;^ the magnetic 

field lines start to reconnect and the reconnected field lines are removed toward the output 

boundary from the reconnection point by the plasma flow generated by the j x B force. The 

magnetic reconnection process reaches almost to a steady state at T = SOOOOû ,1 where a 

large plasma flow is generated. Formation of the slow shock, which can be recognized by the 

abrupt bending of the field lines, is observed in the downstream region. The rapid plasma 
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acceleration occurs when the plasma passes through the slow shock and the maximum flow 

velocity of the plasma in the downstream region reaches up to 0.7 V^. 

Figure 2 shows the three dimensional plots of the current development for the four quad

rants. At T = lOOOOar;1 a slight current intensification appears near the most flow converging 

point (origin) in the neutral sheet, though its value is yet less than the threshold current. 

The current eventually exceeds the threshold current and rapid reconnection starts at about 

T = 190000/^. As the reconnection develops, the current sheet changes *•'«> structure. At 

T = 292000/^ an X type current sheet structure develops roughly along the magnetic sepa-

ratrix. This X type current sheet structure indicates the formation of slow shock. 

Three dimensional plots of the development of the pressure profile are shown in Fig. 3. The 

pressure is peaked at the center of the neutral sheet at T = lOOOOu;̂ 1. The induced pressure 

gradient causes the plasma to flow out toward the output boundaries. At T = 182000^ 

reconnection gets started and the pressure gradually increases at the reconnection point and 

also in the downstream region. At T — 29800u>~e
a the pressure increases further in the 

downstream but slightly decreases near the reconnection point. 

Figure 4 shows the temporal development of the contours of the electric field Ez. The 

distribution of the electric field intensity along the x axis at y = 0 is shown in the upper 

margin and the distribution along the y axis at x — 0 is shown in the Tight margin. At 

T = 2000u£,1, the electric field, which was none initially, penetrates deep into the neutral 

sheet. At T = lOOOOu/"1 the plasma flow reaches almost to a maximum value. However, the 

current has not yet reached to the threshold current, thus, the electric field at the reconnection 

point yet remains null. At about T = 20000it£l the current exceeds the threshold current, 

and hence, the resistivity caused by particle collisions starts to generate the electric field at 

the reconnection point. When time further elapses and reaches T = 30000a/"1, the electric 
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field Ez becomes almost uniform in the entire region, this indicating that the magnetic 

xeconnection process attains a steady state. 

§3.2 Acceleration and heating of electrons and ions 

In this subsection we shall concentrate on the acceleration and heating of electrons and 

ions. 

The flow velocities and temperatures of electrons and ions at T = 30000^^ are shown 

in Fig. 5; (a) for electrons and (b) for ions. The flow velocity is normalized by half of the 

Alfven speed defined by the initial input boundary values. It is found that the patterns of 

the electron and ion flow velocities are nearly the same and rapid accelerations takes place 

when the particles encounter the slow shock. The temperature profiles indicate large heating 

of both electrons and ions in the downstream of the slow shock. It is interesting to observe 

that the spatial structure of the electron temperature has a steeper profile than that of the 

ion temperature and that the temperature peak appears near i = 100c/tu,e rather than the 

X point. 

We shall now examine the details of the electron and ion distribution functions. Figure 6 

shows the electron and ion velocity distribution functions at T = 309710/"^ on the upstream 

and downstream sides of the slow shock; (a) for electrons and (b) for ions. The dashed 

line indicates the average velocity on the downstream side. The particle distribution is very 

sharp in the upstream, while in the downstream the distribution becomes much broader. 

This broadening of the distribution function indicates strong heating of electrons and ions 

by reconnection. Particularly, the ion distribution has a long tail in the high velocity region 

than that of electrons. Acceleration of plasmas can be identified by the shift of the distri

bution function. A large shift for the ion vx distribution function and a small shift for the 
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electron vx distribution are found, which indicates that ions are more efficiently accelerated 

by reconnection. 

Prom the above examination of the particle behaviors it is concluded that large accelera

tion and heating are caused by externally driven magnetic reconnection. 

§3.3 Influence of particle collisions on the reconnection process 

Since we have known an overall view of the development of reconnection and associated 

plasma acceleration and heating for one case, we shall next examine the influence of the 

collision model on the development of the reconnection process. 

In doing so, we shall first see the results of collisionless case (case E) where no model 

collision is introduced. By the plasma compression due to the presence of a converging driving 

force the pressure and current become steepened near the central region, but no significant 

reconnection is observed. This result implies that the numerical collision is ignorable in our 

simulations. 

Figure 7 shows the development of the reconnection rate for three different particle colli

sion frequencies, namely, (A) i/0 = 2.7 x 10~3, (B) uQ = 1.8 x 10~3 and (C) v0 = 0.9 x 10~3, 

but remaining the other parameters the same. We evaluate the reconnection rate by the 

value of V x B (the magnetic flux passing in the unit time, or the reconnection electric field) 

at the fixed point in the downstream region (y = 0, x = 64c/uJpe). No significant differences 

are observed about the development of the reconnection rate. This leads us to a conclusion 

that the development of reconnection is rather independent of the strength of the collision 

Figure 8 shows the electron and ion distribution functions in the downstream region for 

three different particle collision frequencies; (A) i/0 = 2.7 x 10~3, (B) i/0 = 1.8 x 10 - 3 and (C) 
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i/o = 0.9 x 10 - 3 . The left panels are the electron distribution functions in the downstream and 

the right panels are the ion distribution functions. The dashed line represents the average 

velocity. Rapid acceleration and heating of electrons and ions are observed but no remarkable 

differences are observed on the electron and ion distribution functions for all three cases. This 

result again confirms the above conclusion that plasma acceleration and heating are nearly 

independent of the collision frequency VQ. 

Figure 9 shows the development of the reconnection rate for two different threshold cur

rents, namely, (A) j c = 4.0 x 10 - 4 and (D) j c = 8.0 x 10~4, with the other parameters 

remaining the same. No remarkable differences are again observed for two cases except for 

a slight time delay on the onset time of reconnection. This time delay of the onset time 

can well be explained by the fact that when the threshold current j c is larger, it takes more 

time for the current to exceed the threshold current and for the anomalous resistivity to 

become substantial. This indicates that the development of reconnection is not intrinsically 

dependent on the value of the threshold current j c . 

Figure 10 shows the electron and ion distribution functions in the downstream for two 

different threshold currents; (A) j c = 4.0 x 10 - 4 and (D) j c = 8.0 x 10~4. The left panels 

show the electron distribution functions in the downstream and the right panels show the ion 

distribution functions. The dashed line is the average velocity. This result also supports the 

above conclusion that the acceleration and heating of plasmas are essentially independent of 

the value of the threshold current j c . 

We have studied the influences of collision parameters on the development behaviors of 

reconnection, acceleration and heating. Consequently, it is founded that the reconnection 

process, particularly, the plasma acceleration and heating, do little depend on collisions. 

This conclusion strongly supports the conclusion of the previous MHD simulation9^, namely 
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that the development of the driven reconnection process is a rather independent process of 

the resistivity and that the resistivity merely acts as a catalysis of a flow driven reconnection. 

§4. Conclusion 

By solving the field and particle motions self-consistently using a 2.5D macroscale •particle 

simulation code we have been able to study a flow driven reconnection process, assuming an 

anomalous particle collision model. 

A converging plasma flow toward a neutral sheet compresses the neutral sheet at a con

verging point. When the neutral current is strongly intensified there, some particle effect 

is expected to give rise to some collisionless dissipation. Reconnection would then be trig

gered there. In the present st jdy using a 2.5D particle code, an anomalous collision model is 

adopted to model an anomalouj collision effect due to local current intensification. It is found 

that when a neutral sheet is locally thinned by a conversing flow, collisions trigger reconnec

tion and that reconnection gives rise to slow shocks whereby rapid acceleration and heating 

of electrons and ions take place. It is important to note that the rapid rise of the reconnection 

rate and associated heating and acceleration are almost independent of the collision model 

and much faster than the resistive time. This study not only confirms the validity of the 

previous MHD simulation results, but gives that electrons and ions are anomalously heated 

through the driven reconnection process. 
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Figure Captions 

Fig- 1 Temporal evolution of the magnetic field lines (contour plots of vector potential) 

and the plasma flow velocity. 

Fig. 2 Three dimensional plots of the evolution of the current distribution; (a) T = 

200a;-/, (b) T = lOOOOw^1, (c) T = 19000a;-/ and (d) T = 29200a;-1. At T = 

29200a;-/, the X type current sheet structure indicates the formation of slow shock. 

Fig. 3 Three dimensional plots of the pressure profile development; (a) T = 200a;-1, (b) 

T = lOOOOu/-1, (c) T = 18200a;-1 and (d) T = 29800a;-/. 

Fig. 4 Temporal development of the contour of the electric field Es\ (a) T = 2000o£/, 

(b) T = 10000a;-1, (c) T = 20000a;-/ and (d) T = 30000a;-/. The distributions 

along the x axis at y = 0 and along the y axis at x = 0 are shown in the upper 

and right margins, respectively. 

Fig. 5 Plasma flow velocities and temperature profiles at T = SOOOOo."̂ .1; (a) for electrons 

and (b) for ions. 

Fig. 6 Electron and ion distribution functions on the upstTeam and downstream sides of 

the slow shock at T = 30971a£/. The dashed line indicates the average velocity 

in the downstream. 

Fig. 7 Development of the reconnection rate for three different particle collision frequen

cies; (A) i/0 = 2.7 x 10-3 , (B) VQ = 1.8 x 10"3 and (C) uQ = 0.9 x 10~3. No 

remarkable difference is observed for the evolution of the reconnection rate. 

Fig. 8 Electron and ion distribution functions in the downstream at T = 30971a;"/ for 

three different particle collision frequencies; (A) i/0 = 2.7 x 10 - 3 , (B) v0 = 1.8 x 10 - 3 

and (C) vQ = 0.9 x 10 - 3 . 
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9 Time evolution of the reconnection rate for two different threshold currents; (A) 

j c = 4.0 x 10~4 and (D) j c = 8.0 x 10~4. No remarkable difference is observed on 

the evolution of the reconnection rate except for a slight time delay for the onset 

time of reconnection. 

10 Electron and ion distribution functions in the downstream for two different thresh

old currents; (A) j c = 4.0 x 10 - 4 and (D) j c = 8.0 x 10 - 4 . 



Table I: Collision parameters of five simulation runs. 

Case 

Jo 

Remarks 

A 

2.7 x 10 -3 

4.0 x 10~4 

B 

1.8 x 10~3 

4.0 x 10~4 

C 

0.9 x 10~3 

4.0 x TO-4 

D 

2.7 x 10~3 

8.0 x 10~4 

high ic 

0.0 

collisionless 
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