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Abstract

Nonlinear development of collisionless driven reconnection and the comsequent
energy conversion process between the field and particles in a sheared magnetic
field are investigated by means of a two-and-a-half-dimensional particle simulation.
Magnetic reconnection takes place in two steps irrespective of a longitudinal mag-
netic field, but the growth rate of reconnection field varies in proportion to the
E x B drift velocity at an input boundary. It is clearly observed that the triggering
mechanism of collisionless driven reconnection for the fast growing phase changes
from an electron meandering dominance in a weak longitudinal field to an electron
inertia dominance in a strong field. The electron acceleration and heating take place
in the reconnection area under the influence of reconnection electric field, while the
electron energy is converted to the ion energy through the action of electrostatic
(ambipolar) field excited by maguetic compression in the downsiream. It is also
found that, in the presence of a longitudinal magnetic field, the electron acceler-
ation by the reconnection field takes place effectively and the generated force-free

current is maintained for a long period while forming an asymmetric spatial profile

of current layer.
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1. Introduction

Driven magnetic reconnection® in a collisionless plasma, "collisionless driven recon-
nection”, is an important process in considering energetically active phenomena observed
in a high temperature, rarefied plasma such as solar corona,? geomagnetic tail ®> fusion
plasmas,* and so on, because it can lea;i to fast energy conversion from the field energy
to the particie energy as well as a topological change of magnetic field in a collisionless
plasma. If a current-carrying particle is lost from a current layer, an electric field is
induced so as to accelerate a particle along the eqguilibrium 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 magnetohydrodynamic (MHD) plasma because magnetic field is
frozen in a plasma. This means that non-ideal effect, which breaks the frozen-in condi-
tion and leads to the generation of electric field, is needed for the excitation of magnetic
reconnection.

Because a charged particle has a finite mass and a finite temperature, it executes a
complex thermal motion with a finite orbit amplitude in a spatially variable magnetic field.
Therefore, the frozen-in condition of magnetic field is not applicable to microscopic scale
phenomena associated with motion of charged particles even for a collisionless plasma.
Collisionless reconnection has been studied by using various models based on theoretical

analyses,® 1! particle simulation,?~17

and fluid simulation.’®'® Two mechanisms to gen-
erate the reconnection electric field in a collisionless plasma have so far been considered
in relation to such a kinetic effect. The first one is a spontaneous excitation of the eleciric
field cansed by momentum loss of current carrying particles through non-ideal effect such
as wave-particle interaction® or collisionless tearing instability.®~1%!%16 Another mecha-

nism is due to the field penetration® when the current layer is being compressed by an

external driving source. An electric field, which is induced in the MHD region outside



the current layer by the plasma flow moving across a magnetic field, can penetrate into
the current layer through a particle kinetic effect when the current layer is compressed as
thin as a characteristic length of particle kinetic effect.

In two-dimensional system there exit two types of microscale particle effect which
are responsible for the decoupling of magnetic field from the particle motion in a colli-
sionless plasma. One is the particle inertia effect which becomes significant in a spatial
scale comparable to collisionless skin depth.!*1%'® The other is the particle orbit effect
which becomes effective in an excursion scale of particle thermal motion which is called
a meandering motion.'®7?? Horiuchi and Sato!” demonstrated two-dimensional particle
simulation of collisionless driven reconnection for the case where the system is subjected
to an external driving flow and ihere is no longitudinal magnetic field at an initial stage.
They showed that magnetic reconnection is triggered by the meandering orbit effect when
the current layer is compressed as thin as an excursion distance of meandering particles
and that it evolves temporarily in two steps in accordance with the formation of two
current layers, the widths of which are characterized by the excursion distances of the
ion and electron meandering motions, respectively. Because thermal motion of a charged
particle is strongly dependent on the topology of magnetic field and its strength, it is ex-
pected that collisionless driven reconnection and the resulting energy conversion process
are largely affected by adding a longitudinal magnetic field.

In this paper we will give detailed discussions on the electron dynamics in a sheared
magnetic field in order to clarify the difference between the electron inertia effect and
the electron thermal effect on collisionless driven reconnection. For this purpose we have
developed the electromagnetic (EM) particle simulation code with higher temporal and
spatial resolutions compared with the former one.!™®>** The numerical scheme and the
simulation model are described in Section 2. We reveal several new features in collisionless

driven reconnection in a sheared magpetic field. For example, the triggering mechanism



of collisionless driven reconnection is found to change from the electron thermal effect for
a weak longitudinal field to the electron inertia effect for a strong field. This phenomenon
is also found to be related to the fact that an electron thermal motion becomes more
strongly magnetized and its spatial scale decreases as a longitudinal field increases.
From the particle simulation we find that the ion energy increases twice as large as
the electron energy through collisionless driven reconnection. The same phenomenon is
observed in experimental plasmas® in which an MHD relaxation controlled by collision-
less or collisional magnetic reconnection takes place. This phenomenon is considered to
be associated with the generation of collisionless ion viscosity which leads directly to the
ion heating.”® In order to clarify this process, we examine the energy conversion process
between the EM field and the charged particle through collisionless driven reconnection.
Consequently, the energy conversion is found to be controlled by two important mech-
anisms, ie., the electron acceleration and heating by the reconnection electric field in
the vicinity of reconnection point, and the energy conversion from electron energy to ion
energy through the action of an electrostatic field excited in the downstream by magnetic

compression. These simulation results are discussed in detail in Section 3. Finally, a brief

summary is gtven in Section 4.

I1. Simulation Model

Let us study externally driven magnetic reconnection of a collisionless plasma by means
of two-and-one-half dimensional particle simulation. The EM simulation code which relies
on the standard explicit scheme® is developed in order to obtain the nonlinear evolution of
an open system. Because both electrons and ions are treated as particles in this method,
a finite electron Larmor radins effect can be described as well as a finite ion Larmor

radius effect. The physical quantities are assumed to be translationally symmetric in the



s-direction ( 8/8z = 0 ). The basic equations to be solved are the equations of motion

%) b gy Yy, (1)
dt ™, c
dx
d_tj = Vy (2)
and the Maxwell equations
194,
TR —E. (3)
108, ok, JFE,
2 ] , 4
c Ot dx + oy~ (4)
1 0E . .
Pl V xB - 4n), (5)
V-E = 4mp, (6)
where
B, = 8A,[/8y, B, = —0A,/0x, (7)

A, %,(),v,(t), m, and g, are the z-component of the vector potential, the position, the
velocity, the rest mass and the charge of the j-th particle, and the relativistic y-factor of

the j-th particle is defined by

v = 11— (v, v,)/e (8)

The current density j(x,t) and the charge density p(x,t) are obtained by summing over

all the particles, namely,

et = 329 st x,0), ©)
p(X,f) = ZQJ S(x - X}(t))ﬁ (10)

where N is the total number of particles and S(x) is the form function of particles.'"*
As an initial condition we adopt a one-dimensional equilibrium with a sheared mag-
netic field as
B(y) = (B:(%),0, Bx), (11)
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B.(y) = By tanh(y/L), (12)
P(y) = Bg/8m sech®(y/L), (13)

where B, is a constant and [ is the scale height along the y-axis. There is a magnetically
neutral sheet along the mid-horizontal line (y = 0) in the initial equilibrium for the case of
B,y = 0. The vector potential A, is set z'ero along the mid-horizontal line at ¢ = 0. Let us
assume that the initial particle distribution is given by a shifted Maxwellian with a spa-
tially constant temperature and the average particle velocity is equal to the diamagnetic
drift velocity. Then, the particle position and the particle velocity are determined from
the pressure profile P(y} and the current density j(x,0) ( = (0,0, —Bo/(47L) sech’(y/ L))
). Because both an ion and an electron are loaded at the same spatial position, there is
no electric field in the initial profile.

In order to drive magnetic reconnection at the center of the simulation domain we
adopt an input boundary condition'”?* at the boundary of the y-axis ( y = %y, } and
a periodic boundary condition at the boundary of the x-axis { z = £z, ). At the input
boundary the y-derivatives of the magnetic field quantities are equal to zero and the
plasma is smoothly supplied with the E x B drift velocity into the simulation 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 Fao(z,t) is taken
to be zero at ¢ = 0 and gradually increases for 0 < wpet < 100 ( wye is an average electron
plasma frequency ). After this period ( wpet > 100 ), Euo(z, ) is described by a symmetric
constant profile with a maximum input rate of magnetic flux E, at the center of the input
boundary.

We have extended the semi-implicit EM code to the explicit EM simulation code which
can resolve an electron kinetic effect with a high accuracy. One million and six hundred
thousand particles are used for the present simulation. The ratio of the side lengths of the

simulation box zp/y; is fixed to 3. The simulation domain is implemented on a (256 x 128)



point grid. The time step width At is determined so as to satisfy the Courant-Friedrichs-
Lewy condition®® for the electromagnetic wave in vacuum; the relation Al = 0.5Ay/¢
holds in our simulation where Ay ( = 0.7Ap ) is the grid separation along the y-axis and

Ap is the Debye length associated with an average number density at ¢ = 0.

I11. Simulation Results

We carry out six simulation runs with different values of an initial longitudinal mag-
netic field B.,. The simulation starts {rom the equilibrium profile the scale height of
which is comparable to the ion Larmor radius p,, associated with the asymptotic in-plane
field By, i.e., I = 51Ay, ps, = 25Ay. Other typical parameters are as follows: the ratio
of ion to electron mass M,/M, is 25, the maximum value of driving electric field Ej is
—0.04B;, wpe fwee = 5.0, cf{wpeAy) = 12, and we Al = 0.01, where w,, (=eBy/Mcc)is
the electron cyclotron frequency. The relation L > p,, > ¢fwp. > Oy holds in the initial

profile for all cases.

A. Fundamental properties of collisionless driven reconnec-

tion

In this sub-section we examine the fundamental properties of collisionless driven recon-
nection by comparing the simulation results for the case of B,q = 0 with those obtained
from the semi-implicit particle simulation.!” Figure 1 shows the contour plots of the cur-
rent density —j, (top), those of the vector potential A, (second}, the vector plots of the
average ion velocity (third), and those of the average electron velocity (bottom) in the
{x,y) plane at w.t = 100 where the current density contours less than the average value
and the vector potential contours less than the initial value at the input boundary are

plotted by dotted lines. The current density profile becomes peaked at the midpoint of



the simulation domain because the plasma flow supplied through the boundary has a
maximum input velocity at the midpeint of the input boundary (z =0,y = +y;). An
x-shaped structure of magnetic separatrix becomes visible as a result of magnetic recon-
nection. A fast directed flow arises from the x-point after magnetic reconnection sets in
and carries the reconnected flux toward the boundaries of the x-axis. The current density
profile becomes elongated along the x-axis by the divergent plasma flow and its spatial
scale reaches about a half of the x-side length of the simulation box. It is interesting
to note that a clear x-shaped shock structure appears in the electron flow pattern while
the ion flow pattern looks relatively faint due to the finite ion Larmor radius effect. The
maximum value of the electron average velocity is about three times as large as that of the
ion average velocity. This means that the in-plane components of electric current appear
in the downstream as a result of magnetic reconnection.

Figure 2 shows (a) the temporal evolution of the reconnection electric field BN (b)
the temporal evolutions of four spatial scales and (c) those of the electron number density
(salid line) and the ion number density (dotted line) at the reconnection point where dg,,
dokin = CfWpe, bni and I, in Fig. 2-(b) are the scale height of magnetic field B, along y-
axis, the electron skin depth associated with the electron number density inside the current
layer, the average orbit amplitude of meandering ions and that of meandering electrons,
respectively. The average amplitude of meandering motion is estimated by the particle
temperature and the longitudinal magnetic field B, averaged over the current layer and
the in-plane magnetic field B, just outside the current layer. It is clear from Fig. 2 that
there are two temporal phases in the evolution of the reconnection field, i.e., the slow
reconnection phase for 0 < wf < 80 and the fast reconnection phase for 80 < w,t < 100.
The growth rate is estimated to be v, 0.03w,. for the slow reconnection phase and
Y2 & 0.07Tw,. for the fast reconnection phase. These values are a few times as large as

those of the semi-implicit study. This difference may come from the fact that the width of



the initial current layer dg. is comparable to the excursion length of a meandering ion L
for the present case while the width is about two times as large as the ion excursion length
for the former case. In other words, this suggests that the growth rate of the reconnection
field strongly depends on the width of the current layer. The fact that the scale height
dg, is comparable to [, in the first half of the slow reconnection phase means that a finite
ion Larmor radius effect becomes active in the current layer even at the starting period
of the simulation. This is deeply connected with the phenomenon that the reconnection
field grows slowly as soon as the simulation starts. The number densities at the center of
the current layer increase due to the compression by the convergent plasma flow as time
goes on, while the scale height dp, decreases and the current layer becomes narrower and
narrower.

The width of the current layer approaches the average orbit amplitude of meandering
electrons at the end of the slow reconnection phase. The fast reconnection phase starts
after the number densities reaches the maximumn value at wef = 70. It is observable in
Fig. 2(c) that the electron density becomes slightly dominant over the the ion number
density in the fast phase. The violation of charge neutrality condition leads to the fast
growth of an electrostatic field in the current layer ( electron current layer ). This is
because an electron motion is more strongly restricted by the motion of magnetic field
compared with an ion motion due to the finite Larmor radius effect. These results are
consistent with the results obtained from the semi-implicit particle study. It is worthy to
note that the width of electron current layer in the fast reconnection phase is determined
by the excursion distance of electron meandering motion but not by the electron skin
depth, i.e., the fast reconnection is triggered mainly by the electron meandering { thermal

} effect but not by the electron skin depth { inertia ) effect for this case.



B. 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 3 shows (a) the temporal evolution of the
average ion energy, (b) that of the average electron energy for the case of B,; = 0, (¢)
that of the average ion energy, (d) that of the average electron energy for the case of
B.o = 2B,, where the solid, dotted, and dashed lines stand for the x-component, the
y-component, and the z-component of the energy per a particle averaged over the whole
domain, respectively. The z-component is larger than the other components by the energy
of a diamagnetic motion at ¢ = 0.

Only the y-component of the ion energy increases in the initial compression phase
because the y-component of the ion kinetic energy is dominant in the plasma flow supplied
through the input boundary. This energy is transferred to the z-component in a quarter of
an ion gyration period ( ~ 40w_’ } because an ion gyrates in the (y,z) plane for B,y = 0.
On the other hand, for the case of B,; = 28,, the ion energy of the input flow is transferred
to the x-component predominantly because an ion gyrates almost in the {x,y) plane due
to the strong B, field.

For the case of B,y = 0, both the x-component of the ion energy and that of the
electron energy increase rapidly after the reconnection electric field becomes maxinmum {
t = 100w_' ). The time used for the energy conversion from the field energy to the ion
cnergy is relatively longer compared with that to the electron energy and the saturation
value of the ion energy becomes two times as large as that of the electron energy. 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.
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Because the temporal change of the total field energy is described by

d [ 5 B E? 3 BxE X
= [Ead+ o = [V () B}, (14)

the energy conversion between the field and the particles in the plasma is carried out
through the work done by the electric field, i.e., the term E -j. In order to obtain the
detailed information of this conversion process, let us decompose the electric field and the

electric current as

E=E, +E.,, (15)
J=Ji+]Je (16)
where E,;, E,.., j;, and j, are the electrostatic component, the electromagnetic component,
the ion current, and the electron current, respectively. Figure 4 shows the color-coded
contour maps of the energy conversion rates E,,,-J; (top), E,;-J; (second), E ;- j. (third),
and E,;j. (bottom) in the (x,y) plane for the case of B,q = 0 where E,;-J;, E,; -Ji, Epng-Je,
and E,; - j. stand for the energy conversion rate to the ion enefgy by the electromagnetic
component, that to the ion energy by the electrostatic component, that to the electron
energy by the electromagnetic component, that to the electron energy by the electrostatic
component, respectively. The red and blue colors in Fig. 4 stand for the positive. and
negative rates, respectively. For example, the bottom panel shows that tile energy 1s
converted from the particle to the field. 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 E,,,, which is dominated by
the reconnection field E,, acts on the particles in the vicinity of the reconnection point

and leads mainly to the increase of the electron enérgy.
On the other hand, the electrostatic field E,;, 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
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follows. Magnetic reconnection leads to the topological change of magnetic field as well
as the electron acceleration along the z axis in the vicinity of the reconnection point. In
other words, both the transverse component of magnetic field B, and the strong electron
current j, are generated as a result of magnetic reconnection. When an electron moves
outside the narrow reconnection area, it becomnes magnetized to be accelerated along the
z axis by the resultant j x B force. The ;alect,ron acceleration becomes so strong that the
average electron velocity in the downstream is much larger than the average ion velocity
( see Fig. 1) and the net electric current along the z 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 generated 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. It is
important to note that, in the vicinity of the reconnection point, the energy conversion rate
by the electrostatic field is negligibly small compared with that by the electromagnetic
component. In other words, the electrostatic field plays a leading role on neither the
particle acceleration nor the thermalization in the vic.im'ty of the reconnection point.
The temporal evolutions of the total conversion rates are shown in Fig. 5-(a) for
the case of B,y = 0.0 where the total rate is obtained by integrating over the whole
simulation area. The total conversion rates to the ion energy by the electromagnetic and
electrostatic components are always positive ( E,; - J;, Epmg - ji > 0 ). That is, the energy
is monotonously converted from the electromagnetic field to the ions. On the other hand,
the electrons get the energy through the action of reconnection field ( E,.,-j. > 0 ) and
lose it under the influence of the electrostatic field in the downstream ( E,, -j. < 0 ).

These facts explain why the ion energy increases twice as large as the electron energy

12



{ see Fig. 3 ). Furthermore, we can find an interesting feature in Fig. 5-(a) that two
conversion rates by the electrostatic field, E,; - j; ( dotted curve ) and E,; - ). ( solid
curve }, reveal the very similar behavior to each other except.the fact that the ion rate
is always positive and the electron rate always negative. This result means that the
electrostatic ( ambipolar ) field excited-in the downstream acts as an energy conversion
channel from the electrons to the ions in a collisionless plasma. The dependence of total
conversion rates from the field energy to the electron energy on the longitudinal field B,
is shown in Fig. 5-(b). The conversion rate by the electromagnetic component E, - j.
becomes smaller as B, increases, but it is always positive for any cases. On the other
hand, the rate by the electrostatic component E,; - j. is always negative irrespective of
the values of B.5. These results imply that, on a whole, the electromagnetic component
or the reconnection electric field acts always on increasing the electron energy, while the
electrostatic component works always on decreasing the electron energy, irrespective of

the existence of a longitudinal magnetic field.

C. Particle acceleration and heating

In this subsection we examine the energy conversion process along the particle trajec-
tory for the case of B, = 0. For this purpose we mark about six thousands electrons and
ions which exist in the vicinity of the reconnection point at w.t = 100 when the reconnec-
tion electric field reaches its maximum value. Distribution function of marked electrons is
given in Fig. 6 as a function of v, where the top, middle and bottom panels represent the
distribution functions at w,t = 82, 100, and 118, respectively. We can observe that the
electron distribution shifts towards the positive v, direction as a whole while making its
profile broader when the electrons pass across the reconnection area ( w.t = 100 ). That
is, the electron heating and acceleration along the z-axis take place simultaneously. Most

of the electron average momentum along the z-axis is lost and the distribution becomes
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further broader at w..t = 118 when the electrons move in the downstream.

Let us examine the particle heating and acceleration process in more detail. Figure 7
shows (a) the ternporal evolutions of the average velocity, the thermal velocity, and the
average vector potential A, of the marked electrons, (b} those of the marked ions, and (c)
the temporal evolutions of four energy.conversion rates evaluated at particle positions,
~E; -u,, ~E,,-u, E,; - u,, and E,.o - 1.. The spatial position of marked particles is
expressed in terms of the normalized vector potential which is unit at the input boundary,
zero at the reconnection point, and negative in the downstream. The x and ¥ components
of the average particle velocity in Figs. 7(a) and 7(b), u, and u,, are illustrated so as to
be negative for the convergent flow and positive for the divergent flow.

The electron acceleration and thermalization along the z-direction take place rapidly
as soon as they enter into the reconnection area, as was seen in Fig. 6. The time scale of
electron acceleration and thermalization is estimated to be about 10/w,, which is in good
agreement with the time 7. needed for a thermal electron to pass through the electron
current layer, i.e. 7, = 2[,./v;.. This agreement also implies that both the electron
acceleration and thermalization processes become active when the electrons exist in the
reconnection area defined by the width of the electron current layer. The reconnection
area corresponds to the diffusion area in the fluid model. The behavior of u, in Fig.
7(a) exhibits that the electron flow is changed from the convergent type ( u, < 0 ) to
the divergent type ( u, > 0 ) when they pass across the reconnection point (A, =0
). The transverse (y) component of magnetic field is created as a result of magnetic
reconnection. The fast electron motion toward the downstream sides along the x-axis
is generated mainly by the resultant j. x B force. The electron motion is gradually
decelerated by the electrostatic field in the downstream as the electrons move from the
vicinity of the reconnection point to the downstream sides. Thus, the average electron

velocity vanishes in the downstream. In contrast to this, the electron thermal velocity
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remains almost constant in the downstream.

Because unmagnetized region for ions is wider and ion thermal velocity is lower coni-
pared with those for electrons, thermal ions remain in the reconnection area for a relatively
long period. The time 7, needed for a thermal ion to pass through the reconnection area
is estimated to be about 30/w.. As 7,.>> 7., the ions are accelerated along the z-axis
for a relatively long period by the reconnection electric field when they pass across the
vicinity of the reconnection point. The z-component of the ion average velocity becomes
about 2.0 of the initial Alfven velocity vag when the ions go outside the reconnection
area. On the other hand, there is no significant change in the thermal velocity when
the ions pass through the reconnection area. One can find that the ions are thermalized
more effectively by the electrostatic field rather when they move in the downstream (
t > 130w,. ) than when they exist inside the reconnection area ( ¢ < 130w, }. Thus,
it is concluded that the electron heating takes place in the reconmnection area under the

influence of reconnection electric field while the ion heating takes place in the downsiream

by the action of electrostatic field.

D. Reconnection mechanism

It has so far been pointed out that there exist two mechanisms associated with mi-
croscale particle 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 col-
lisionless skin depth c¢/w,. The other is a particle orbit effect which becomes effective in
an excursion distance of particle meandering motion. We have observed that magnetic
reconnection is controlled by a meandering orbit effect for the case of B,o = 0 where an
excursion distance of a meandering electron is larger than an electron skin depth in the
current layer. The excursion distance of meandering motion in the current layer becomes

shorter and so a charged particle becomes more strongly magnetized as a longitudinal
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magnetic field becomes stronger, as is shown in Fig. 8. Because collisionless driven recon-
nection is deeply connected with meandering motion of charged particles in the current
layer, it is natural to expect that both the magnetic reconnection and energy conversion
processes are largely affected by a longitudinal magnetic field.

First, let us examine the influence of a longitudinal field on the behavior of reconnection
electric field. The terporal evolution of the reconnection electric field is shown in Fig. 9
for five different values of B,q. Careful examination of Fig. 9 reveals that there exist both
the slow reconnection phase and the fast reconnection phase irrespective of a longitudinal
field. However, both the growth rate and the saturation value of reconnection electric field
decrease as a longitudinal field becomes stronger. The growth rate for the slow phase
and that for the fast phase v, are shown in Fig. 10 as a function of B.o/ By where the
maximum E x B dnft velocity at the input boundary, v,, = v,0/{1+ (B.o/Bo}*}? { vno
is constant), is added for comparison. One can find that both the growth rates 4; and Yo
reveal the very similar behavior to the input plasma velocity v;,,. Because the maximum
input rate of the in-plane magnetic flux is approximately given by Fo/{1+(B.o/B,)*}/2,
this results implies that the growth of reconnection electric field is controiled by the input
rate of the in-plane magnetic flux at the boundary. In other words, the whole dynamical
behavior of collisionless driven reconnection is determined by the external condition such
as a flux input rate into the system even if magnetic reconnection would be triggered by
microscale electron mechanism in the central region of current layer. In this sense, this
result is also in good agreement with the result of the semi-implicit study.’”

Now let us turn to the triggering mechanism of collisionless driven reconnection in
the fast phase. In this phase the current layer is compressed so thin that a microscale
electron effect becomes visible and magnetic flux inside the current layer is no longer
frozen in the electron fluid. Figure 11 illustrates the dependence of four spatial scales on

the field ratio B,q/By when the current layer becomes thinnest in the fast reconnection
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phase. The width is nearly equal to the average orbit amplitude of meandering electrons
I... and is two times as large as the electron skin depth ¢/w,. for the case of B,y = 0 ( see
also Fig. 2-(b) ). The excursion distance [,. decreases as a longitudinal field increases.
This corresponds to the fact that unmagnetized region for electrons becomes narrower
with a longitudinal field, as was seen in Fig. 8. On the other hand, the electron skin
depth increases slightly with B,o/By because the plasma becomes less compressible and
the increase of plasma density in the current layer is suppressed by a longitudinal field
for B,o > Bp. Thus, the relation [, < ¢/w,. holds for a strong longitudinal field of
B, > 1.5B;. In other words, the electron inertia scale is longer than the electron thermal
scale for B,o > 1.5B,. It is clearly seen in Fig. 11 that the width of current layer decreases
with the electron thermal scale [, until L. reaches ¢/w,.. When [,. < ¢/w,., 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 a strong longitudinal field of
B,y > 1.5B,. These results lead us to the conclusion that 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 a longitudinal

magnetic field.

E. Asymmetric current profile

A longitudinal field has an influence on the physical processes responsible for collision-
less driven reconnection, i.e., the plasma compressibility, the magnetization of a charged
particle, the reconnection rate, and so on. In this subsection we present another phe-
nomenon which appears under the influence of a longitudinal field. The reconnection
electric filed accelerates the charged particles in the direction normal to the reconnection

magnetic field, i.e., in the z-direction. If the z-component of magnetic field is nonzero, the
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acceleration by the reconnection field creates the electric current parallel to the magnetic
field. Let us consider the influence of the parallel electric current on the collisionless re-
connection process. Figure 12 shows the spatial profiles of the current density along the
z-axis ( top ) and in the (x,y) plane ( bottom ) at w.t = 118 for the case of B,y = B,.
Comparing Fig. 12 with Fig. 1 one can find that the spatial structure of current layer
becomes longer and asymmetric by adding a longitudinal magnetic field.

Let us consider the mechanism leading to the asymmetric current profile. For the
case of B,y = 0, the straight elongated current layer is formed as a result of magnetic
reconnection, as was seen in Fig. 1. A fast divergent electron flow along the x-axis in
the current layer carries the net electric current because the average electron velocity is
about three times as large as the average ion velocity. The resultant j x B force, in turn,
acts on the electron in the negative z-direction ( j, B, < 0 ) while the average electron
motion carrying the equilibrium current directs to the positive z-direction { u., > 0 ).
Consequently, the average electron velocity along the z-axis is gradually lost as the fast
electron flow moves towards the downstream. In this process there exists no force which
modifies the current layer in an asymmetric form. Thus, the elongated current layer is
terminated in the downstream and its shape is maintained symmetric with respect to the
mid-horizontal line for the case of B,; = 0.

Suppose that a longitudinal magnetic field of B,y >> By is superposed on this sym-
metric profile. The j x B force associated with the longitudinal field and the electron
current along the x-axis is in the negative y-direction for the left half of the simulation
plane { z < 0 ) and in the positive y-direction for the right half of the simulation plane (
z > 0 ). When the electron reaches the half way of the current layer along the x-axis, the
effect of the J x B force is visible in the electron current profile. The bending of the cuz-
rent layer proceeds so that the electron current becomes parallel to the the magnetic field,

1.e. the force-free condition is satisfied between the electric current and the magnetic field.
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Therefore. the parallel current enhanced by the reconnection field is maintained for a long
period when the fast plasma flow moves in the bent current layer at the downstream.
We have another evidence that the force-free current is maintained for a long penod
in the downstream in the presence of the longitudinal field. Figure 13 shows the temporal
evolutions of the average velocity along the z-axis for about six thousands marked electrons
which pass across the vicinity of the reconnection point when the reconnection electric field
reaches its maximum value. The electrons are accelerated by the reconnection electric field
when they exist in the reconnection area. The force-free current generated through the
acceleration by the reconnection field is maintained for a long period in the downstream
in the presence of the longitudinal field, while, for the case of B,s = 0, the average
electron momentum is immediately lost as soon as they moves into the downstream. It is
interesting to note that the maximum electron velocity increases with B,y although the
reconnection field decreases as B,q increases ( see Fig. 9 ). This implies that the existence
of a longitudinal magnetic field makes it easy for the reconnection field to accelerate
the electrons along the z-axis. This phenomenon is also expressed in terms of effective
resistivity n.;; which is given by the ratio of the electric field to the current density at
the reconnection point, i.e., £./j.. The temporal evolution of the effective resistivity is
illustrated in Fig. 14 for five different values of B,; where the resistivity is normalized by
the Hall resistivity By/gcn.. Figure 14 clearly shows that the effective resistivity varies
inversely with B,o. This means that the electric field needed for maintaining the electric
current decreases as a longitudinal field increases. It is concluded that, under the influence
of a longitudinal magnetic field, the electron acceleration by the reconmection field takes
place effectively and the generated force-free current is maintained for a long period while

forming an asymmetric spatial profile of current layer.

19



IV. Summary

We have investigated the nonlinear development of collisionless driven reconnection
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 simula-
tion. The main results are summarized .by following six remarks.

{A) The reconnection electric field evolves in two steps irrespective of an existence of
longitudinal magnetic field, 1. e., 1) slow reconnection triggered by ion kinetic effect in
the early phase, and 2) fast reconnection triggered by electron kinetic effect in the late
phase. The existence of these two temporal phases is deeply connected with the formation
of two types of current layer, i. e, electron current layer and ion current layer.

(B) The growth rate of reconnection electric field and its saturation value are deter-
mined by the flux input rate at the boundary, but not by the detailed mechanism leading
to collisionless reconnection in the current layer. This is an important feature which is
commonly observed in the pheromena triggered by driven magnetic reconnection.?

{C) There are two microscopic particle effects which lead to collisionless magnetic
reconrnection in a two-dimensional system. For a weak longitudinal magnetic field case,
the width of electron current layer is determined by the excursion distance of electron
meandering motion. As the longitudinal magnetic field increases, thermal motion becomes
more strongly magnetized and the excursion distance of meandering electrons becomes
shorter. For a strong longitudinal field case where the electron skin depth is larger than
the excursion distance of meandering eleciron motion, the inertia effect becomes dominant
and the width of electron current layer is determined by the electron skin depth.

(D) The electron acceleration and thermalization take place in the reconnection area
under the influence of reconnection electric field. On the other hand, the electrostatic
field plays a leading role on neither the particle acceleration nor the thermalization in the

vicinity of the reconnection point.
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(E) The electrostatic field, which is generated in the downstream as a result of magnetic
compression by the divergent reconnection flow, acts as an energy conversion channel from
the electrons to the ions in a collisionless plasma. Thus, the total ion energy becomes
twice as large as the total electron energy. The energy conversion takes place more
actively in the plasma without any longitudinal magnetic field and its rate decreases with
a longitudinal field.

(F) The existence of a longitudinal magnetic field makes it easy for the electric field
to accelerate electrons along the equilibrium current at the reconnection point and plays
a role in maintaining the generated force-free current for a long period by forming an
asymmetric spatial profile of current layer.

The present particle simulation study has clarified the particle kinetic effect in col-
lisionless driven reconnection, based on two-dimensional model in which the spatial de-
pendence along the equilibrium current has been ignored The interaction between parti-
cles carrying electric current and a wave propagating along the electric current becomes
an origin of an anomalous resistivity?® which can also lead to collisionless reconnection.
Three-dimensional treatment is needed for the investigation of this eflect in collisionless

driven reconnection and the relation between the particle kinetic effect and the effect of

wave-particle interaction.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Figure captions

Contour plots of the current density —7, (top}, those of the vector potential A,
(second), the vector plots of the average ion velocity (third), and those of the
average electron velocity (bottom) in the (x,y) plane at w.t = 100 for the case
of B,o = 0 where the current &ensity contours less than the average value and

the vector potential contours less than the initial value at the input boundary

are plotted by dotted lines.

Temporal evolutions of (a) the reconnection electric field BV (b) four spatial
scales and (c) the electron number density (solid line) and the ion number density
(dotted line} at the reconnection point for the same case as Fig. 1. Here dpg,,
doin = ¢fWpe, lm, and [, in Fig. 2-(b) are the scale height of magnetic field B,
the electron skin depth, the average orbit amplitude of meandering ions and that

of meandering electrons, respectively.

Temporal evolutions of {a) the average ion energy for B,g = 0, (b) the average
electron energy for B, = 0, (¢) the average ion energy for B,; = 2By, and (d)
the average electron energy for B,y = 2B, where the solid, dotted, and dashed
lines stand for the x-component, the y-component, and the z-component of the

energy per a particle averaged over the whole domain, respectively.

The color-coded contour maps of the energy conversion rates E,,,-j, (top), E,;-J,
(second), Epg - Jo (third), and E,; - j. {(bottom) in the (x,y} plane for the same

case as Fig. 1 where the red and blue colors stand for the positive and negative:

rates, respectively.

Temporal evolutions of (a) four components of the total energy conversion rate
between the field and particles for B,; = 0.0, and (b} the total conversion rates

from the field to the electrons for four different longitudinal fields.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

i0.

11,

12.

13.

Distribution functions of about six thousands marked electrons at w.t = 82

(top), 100 (middle), and 118 (bottom) for the same case as Fig. 1.

Temporal evolutions of {a} the average velocity, the thermal velocity, and the
average vector potential A, of the marked electrons, (b) those of the marked

ions, and (c) four energy conversion rates evaluated at particle positions for the

same case as Fig. 1.

Excursion distance of a test particle in a one-dimensional sheared magnetic field
where [, L2, Pz, and p, are an average excursion distance in a sheared field,
that for B,y = 0.0, the Larmor radius associated with an in-plane field By, and

that associated with a longitudinal field B.q, respectively.

Temporal evolution of the reconnection electric field for five different values of

B .

The dependence of growth rates of reconnection electric field on the field ratio
B.o/B, where the open and closed circles show the growth rate for the slow
phase ; and that for the fast phase 7, respectively. The maximum E x B drift

velocity at the input boundary is illustrated by a dashed line for comparison.

The dependence of four spatial scales on the field ratio B,;/By where the scales

are estimated at the period when the current layer becomes thinnest.

Figure 12 shows the spatial profiles of the current density along the z-axis { top

} and in the (x,y) plane ( bottom ) at w..t = 118 for the case of B,y = Bj.

Temporal evolutions of the average velocity along the z-axis for about six thou-
sands marked electrons for five different values of B,; where marked electrons

pass across the vicinity of the reconnection point when the reconnection electric

field reaches its maximum value.
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Fig. 14. The temporal evolution of the effective resistivity for five different values of B.o

where the resistivity is normalized by the Hall resistivity By/qen..
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