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Abstract

Dynamical process of collisionless driven reconnection is investigated by means

of a two-and-one-half-dimensional particle simulation. Magnetic reconnection devel-

ops in two steps in accordance with the formation of ion and electron current layers.

The dominant triggering mechanism for electron phase changes from electron me-

andering motion effect to electron inertia effect as a longitudinal magnetic field

increases. It is also found that the energy conversion takes place from electrons to

ions through the action of an electrostatic field excited in the downstream and thus

the average ion temperature becomes about 1.5 of the average electron temperature.

1. Introduction

Magnetic reconnection1 can lead to fast energy conversion from the field energy to

the particle energy as well as a topological change of magnetic field. If a current-carrying

particle is lost from a current layer, an electric field is induced so as to accelerate a

particle along the equilibrium current and compensate it for the momentum loss. This

electric field also plays a role in changing the topology of magnetic field, i.e., magnetic

field reconnection. Magnetic reconnection, however, can not take place in an ideal magne-

tohydrodynamic (MHD) plasma because magnetic field is frozen in a plasma. This means

that non-ideal effect, which breaks the frozen-in condition and leads to the generation of

electric field, is needed for the excitation of magnetic reconnection.

In two-dimensional system there exist two types of microscale particle kinetic effect

which are responsible for the decoupling of magnetic field from the particle motion in a

collisionless plasma. One is the particle inertia effect which becomes significant in a spa-

tial scale comparable to collisionless skin depth.2'3'4 The other is the particle orbit effect

which becomes effective in an excursion scale of particle thermal motion which is called a
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meandering motion.5'6-7 In this paper we will discuss the physical process of collisionless

reconnection for the case where the system is subjected to an external driving flow, i.e.,

" collisionless driven reconnection ".

2. Simulation Model

Let us consider two-dimensional open system where physical quantities are transla-

tionally symmetric in the z-direction ( d/dz = 0 ). Two types of particle simulation codes

are used for this analysis. One is the standard explicit electromagnetic (EM) code,8'9

and the other is the semi-implicit EM code.6*7 As an initial condition we adopt a one-

dimensional equilibrium with a sheared magnetic field as

B(y) = [BQ tanh(y/L),Q,Bz0}, (1)

where Bo and BZQ are constants and L is the scale height along the y-axis.

In order to drive magnetic reconnection at the center of the simulation domain we

adopt an input boundary condition6'8 at the boundary of the y-axis ( y = ±y& ) and a

periodic boundary condition at the boundary of the x-axis ( x — ±£& ). At the input

boundary the plasma is smoothly supplied with the E x B drift velocity into the simula-

tion domain. The driving electric field is determined so as to be always normal to both

the magnetic field and the input flow velocity. The amplitude of driving electric field

Edo(x,t) is taken to be zero at t = 0 and gradually increases for an initial some period

After this period, Edo(x,t) is described by a symmetric constant profile with a maximum

input rate of magnetic flux Eo at the center of the input boundary.

3. Two-step evolution of collisionless driven reconnection
Generation of electric field along the equilibrium current is needed for driving mag-

netic reconnection. Figures 1 and 2 show (1) the temporal evolution of reconnection

electric field E^\ and (2) those of four spatial scales for the case of Bz0 = 0 where d/,,

djz-, kni, a n d 'me a re the half-width of the mass density profile, that of the current density

profile, an excursion distance of ion meandering motion, and that of electron meandering

motion, respectively. The electric field begins to grow slowly as soon as both dh and dJZ

start decreasing as a result of the compression by the convergent plasma flow in the slow
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reconnection phase ( O.C^ < t < IMA )• The width of the current layer is almost the

same or a little larger than the ion thermal scale lm{ in this phase ( " ion current layer " ).

Because most of the ions are unmagnetized in the ion current layer while the electrons are

magnetized, the input flow ( Poynting flux ) no longer works on thinning the ion current

layer, but it continues to compress the electron profile. Thus, electron current layer is

created inside the ion current layer due to a finite ion Larmor radius effect. When the

fast reconnection phase ( \MA < t < 1.8^ ) sets in, the inclination of the growth curve

steepens suddenly and the half-width of electron current layer approaches the electron

thermal scale lme. These results lead us to the conclusion that the slow reconnection is

triggered by the ion meandering motion effect while the fast reconnection is triggered by

the electron meandering motion effect.
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Figure 1: Temporal evolution of reconnec- Figure 2: Temporal evolution of four spa-

tion electric field. tial scales.

4. Reconnection mechanism
There exist two mechanisms associated with particle kinetic effect which lead to

magnetic reconnection in a collisionless plasma. One is a particle inertia effect which

becomes significant in a spatial scale comparable to collisionless skin depth c/up. The

other is a particle orbit effect which becomes effective in an excursion distance of particle

meandering motion. Figure 3 illustrates the dependence of four spatial scales on the field

ratio BZQ/B0 when the current layer becomes thinnest in the fast reconnection phase. The

width is nearly equal to the excursion distance of meandering electrons lme and is two

times as large as the electron skin depth c/u>pe for the case of Bzo = 0. The excursion
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distance lme decreases as the longitudinal field increases. On the other hand, the electron

skin depth increases is almost independent of Bz0/B0. Thus, the relation lme < c/upe holds

for the strong longitudinal field of Bz0 > 1.5B0. In other words, the electron inertia scale

is longer than the electron thermal scale for Bz0 > 1.5Bo. It is clearly seen in Fig. 3 that

the width of current layer decreases with the electron thermal scale lme until lme reaches

c/u)pe. Once lme < c/upe, the width ceases to decease and exhibits the same behavior with

the electron skin depth. Namely, collisionless driven reconnection in the fast reconnection

phase proceeds keeping the width of current layer nearly equal to the electron skin depth

for the strong longitudinal field of Bz0 > l.bB0. Thus, the triggering mechanism for

collisionless driven reconnection in the fast reconnection phase changes from the electron

thermal effect to the electron inertia effect in accordance with the increase of longitudinal

magnetic field.
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Figure 3: Dependence of four spatial Figure 4: Temporal evolution of ion and

scales on a logitudinal field. electron temperature.

5. Energy conversion by electric field

The reconnection electric field leads to not only the topological change of magnetic

field lines but also the energy conversion from the field energy to the particle energy

through the acceleration and heating processes. Figure 4 shows the temporal evolutions

of the average ion temperature Tt and the average electron temperature Te for the cases

of BZQ — 0 and B z 0 = 2B0. For the case of Bz0 — 0, both the ion temperature and

the electron temperature increase rapidly after the reconnection electric field becomes

maximum ( t = lOOw^} ). The saturation value of the ion temperature becomes about 1.5

— 315



of the electron temperature. The energy conversion occurs more actively in the plasma

without any longitudinal magnetic field. These differences come from the nature of the

energy conversion mechanism in the presence of the electric field, as will be discussed in

the followings.

Let us decompose the electric field into the electrostatic component Es< and the electro-

magnetic component Emp , and the electric current into the ion current j ; and the electron

current j e . The detailed examination of energy coversion rate E • j reveals that there are

two spatial regions in which the energy conversion occurs actively, i.e., the vicinity of the

reconnection point and the shock-like region in the downstream. The electromagnetic

component Emg , which is dominated by the reconnection field Ez, acts on the particles

in the vicinity of the reconnection point and leads mainly to the increase of the elec-

tron energy. On the other hand, the electrostatic field Es(, which has only the x- and

y-components, becomes significant at the shock-like region in the downstream, and leads

to the rapid increase of the ion energy and the decrease of the electron energy.

The mechanism is as follows. Both the transverse component of magnetic field By

and the strong electron current jz are generated as a result of magnetic reconnection.

When an electron moves outside the narrow reconnection area, it becomes magnetized to

be accelerated along the x axis by the resultant j x B force. The electron acceleration

becomes so strong that the average electron velocity in the downstream is much larger

than the average ion velocity and the net electric current along the x axis appears in the

downstream. The mass density profile is dynamically compressed by the magnetic flux

which is carried by the divergent plasma flow. The electrostatic field is strongly gener-

ated in the region with steep density gradient due to the finite Larmor radius effect. This

electrostatic field, in turn, works on decelerating the electron flow and accelerating the

ion flow in the downstream, that is to say, the ambipolar interaction by the electrostatic

field leads to the fast energy conversion from the electron energy to the ion energy in the

downstream. These facts explain why the average ion temperature increases about 1.5 of

the average electron temperature.

6. Summary

We have investigated the nonlinear development of collisionless driven reconnection
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and the consequent energy conversion between particles and an electromagnetic field in

a sheared magnetic field by making use of a two-and-one-half dimensional particle simu-

lation. Collisionless reconnection develops in two steps in accordance with the formation

of two current layers, i.e., ion current layer for the early ion phase and electron current

layer for the late electron phase. The dominant triggering mechanism for the electron

phase changes from electron thermal effect to electron inertia effect as the longitudinal

magnetic field increases. Because the energy conversion takes place from electrons to ions

through the action of an electrostatic field excited in the downstream, the average ion

temperature becomes about 1.5 of the average electron temperature.
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