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abstract

Generation of anomalous resistivity ard dynamical development of collisionless reconnection in the vicinity
of a magnetically neutral sheet are investigated by means of a three-dimensional particle simulation. For no
external driving source, two different types of plasma instabilities are excited in the current layer. The lower
hybrid drift instability (LHDI) is observed to grow in the periphery of current layer in an early period, while
a drift kink instability (DKI) is triggered at the neutral sheet in a late period as a result of the nonlinear
deformation of the current sheet by the LHDI. A reconnection electric field grows at the neutral sheet in
accordance with the excitation of the DKI. When an external driving field exists, the convective electric field
penetrates into the current layer through the particle kinetic effect and collisionless reconnection is triggered
by the convective electric field earlier than the DKI is excited. It is also found that the anisotropic ion
distribution is formed through the anomalous ion heating by the DKI.
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1 Introduction

Collisionless reconnection is widely believed to play
a key role in energetically active phenomena ob-
served in a high temperature, rarefied (collision-
less) plasma such as the solar coronafl], the ge-
omagnetic tail[2], laboratory plasmas[3-5], fusion
plasmas[6], and so on. Magnetic reconnection can
lead to a fast energy conversion from an electro-
magnetic fleld to particles as well as a topological
change of magnetic field. Magnetic reconnection,
however, can not take place in an ideal magnetohy-
drodynarnic plasma becanse magunetic field is frozen
in a plasma. That is, non-ideal effect which breaks
the frozen-in condition is needed for the excitation
of magnetic reconnection. A number of theoretical
and simulation studies have disclosed that there ex-
ist two types of triggering mechanisms which break
the frozen-in condition of magnetic field and lead
to magnetic reconnection in a collisionless plasma.
One is due to the wave-particle interaction which
is a cause of anomalous resistivity in the current
sheet|7-26]. The other is due to the particle kinetic
effect which becomes significant in a particle scale
such as an electron collisionless skin depth{27] and
an ion Larmor radius [28-30].

A variety of plasma instabilities have so far
been studied as a candidate of an anomalous resis-
tivity in a current sheet. Most of these studies focus
on the ion-acoustic instability[7], the whistler insta-

bility [8-10], and the collisionless tearing instability{11-
17] which propagate in the direction of an equilib-
rium magnetic field. Winske[18], Tanaka(19], and
Ozaki et al[20] have found from two-dimensional
particle simulation that two kinds of plasma insta-
bilities grow in the current layer, 1.e., the lower hy-
brid drift instability (LHDI) [13, 18, 21, 22] and a

low frequency electromagnetic{EEM) instability[13,18,23-

26]. The LHDI grows in the periphery of the cur-
rent layer, but it can not penetrate into a high beta
region in the vicinity of the neutral sheet. Ozaki et
al[20] have pointed out that a low frequency electro-
magnetic(EM) instability, which is called the drift-
kink instability (DKI)[24], is excited near the neu-
tral sheet after the saturation of the LHDI and can
be a cause of anomalous resistivity at the neutral
shect. Zhu[24] have also pointed out that the DKI
is driven by the peaked current and propagates in
the direction of an equilibrium current. One of im-
portant features of the DKI is that the DKI grows
with a fairly large rate when the width of a current
layer decreases below the ion Larmor radius[23, 26],
and that the excitation of the DKI is deeply related
to the existence of the LHDI[18].

It is important to examine particle kinetic ef-
fects in collisionless reconnection because an elec-
tric resistivity was observed to increase anomalously
in reconnection experiments[3-3] when the width
of current sheet approaches the ion Larmor radius.
Furthermare, a thin current layer was observed in



the geomagnetic tail region, the width of which is
comparable to the ion Larmor radius[31]. By us-
ing two-dimensional particle simulation Horiuchi
and Satof28, 29] have examined the particle ki-
netic effects on collisionless reconnection for the
open system which is subject to an external driving
field. Collisionless driven reconnection develops in
two steps in accordance with the formation of two
current layers, i.e., ion current layer in which the
ion kinetic effect is dominant, and electron current
layer in which the electron kinetic effect is domi-
nant. They have found that the whole dynamical
evolution of collisionless reconnection is controlled
by the ion dynamics rather than the electron dy-
namics even if reconnection is triggered by the elec-
tron dynamics, and that the saturated reconnec-
tion rate is determined by an external driving field.
These features are commonly observed in the phe-
nomena triggered by driven magnetic reonnection{32,
33]. The anomalous ion heating takes place through
the ambipolar interaction by an electrostatic field
generated in the downstream[28, 29].

Which of two triggering mechanisms is more ef-
fective in the real situation ? Or, is the combined
mechanism essential in determining the nature of
collisionless reconnection 7 We have carried out
two different types of two-dimensional particle sim-
ulations in relation to the anomalous resistivity and
its influence on collisionless reconnection. Nonlin-
ear evolution of collisionless reconnection triggered
by particle kinetic effects has been examined in
the reconnection plane which is normal to an equi-
librium current{28, 29]. On the other hand, the
anomalous resistivity, which is originated from the
interaction between charged particles carrying the
equilibrium current and waves propagating along
the equilibrium current, has been examined in the
simulation domain which is normal to the recon-
nection plane[20]. Thus, three-dimensional treat-
ment is needed in order to investigate the com-
plex phenomena in which two triggering mecha-
nisms become active simultaneously and interact
mutually. The purpose of this paper is to demon-
strate a three-dimensional particle simulation of
collisionless reconnection in the presence of an ex-
ternal driving field and to clarify the relationship
between two mechanisms. The numerical scheme
and the simulation model are described in Section
2. We will discuss the anomalous resistivity associ-
ated with plasma instabilities in the absence of an
external driving field in Section 3 and the effect of
an external driving field on collisionless reconnec-
tion in Section 4. Finally, a brief summary is given
in Section 5.

2 Simulation Model

Let us consider three-dimensional open system which
evolves dynamically in the presence of an external
driving flow. The simulation is carried out by us-
ing three-dimensional EM particle codes[34]. The
basic equations to be solved are the equations of
motion
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dt my B+ ¢ x B, (1)
dx
d_tJ = Vv (2)
and the Maxwell equations
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where x,(t),v,(t), m, and g, are the position, the
velocity, the rest mass and the charge of the jth
particle, and the relativistic v-factor of the 3th par-
ticle is defined by

1 = 1= (v, v/, (7)
The current deunsity j(x,t} and the charge density
p(x, 1) are obtained by summing over all the parti-
cles, namely,

4, (1)
jet) = I S(x—x,(8)), (3)
1=1

N
p(x,t) = ZQJ S(x_xj(t))? (9)
=1

where IV is the total number of particles and §(x)
is the form function of particles[28, 34].

As an initial condition we adopt a one-dimensional
equilibriam with the Harrls-type anti-parallel mag-
netic configuration as

By} = (B:{y),0,0), {10)
B:(y) = By tanh(y/L), (11)
Ply) = B3/8x sechg(y/L), (12)

where B; is a constant and L is the scale height
along the y-axis. There is a magnetically neutral
sheet at y = 0 in the initial equilibrium. The ini-
tial particle distribution is assumed to be a shifted
Maxwellian with a spatially constant temperature



and the average particle velocity, which is equal to
the diamagnetic drift velocity. Because both an ion
and an electron are loaded at the same spatial po-
sition. there is no electric field in the initial profile.

It is assumed that physical quantities are pe-
riodic at the boundary of the x-axis { x = £z )
and that of the z-axis ( z = %2 ), and a driving
electric field Eq(x,¢) = (0,0, B4, (z, 1)) exists at the
boundary of the y-axis { ¥ = £y, ) in order to sup-
ply the plasma with the E x B drift velocity into
the simulation domain. The profile of E4.{x,t} is
given by

Eq.(z,t) = E.(t){es +(1—€s)(cos(¢(z)) +1)/2},

(13)
where
E (t)— Eo(l—COS(TTt/tl))/Q iftgtl
" - Eq ift>
- fz<—zn
dlz)=¢ 7wrfry fzp 22> —zn

s ifz>zn

E, is a constant, ef = 0.7, p: = Tp, 1 = 65wp.
( wpe ; a typical electron plasma frequency ). In
order to avoid the excitation of unphysical waves
in the vicinity of the input boundary an artificial
damping zone is embedded near the input bound-
aries ( y»— | ¥ |< 5A4, Ag; an electron Debye length
). We carry out four simulation runs with different
parameters which are shown in Table 1. The other
important parameters are as follows : the ratio of
ion to electron temperature is 7,/7. = 2, the lon
Larmor radius associated with a magnetic field out-
side the current layer is p, = 1.11L, and the ratio
of the electron drift velocity to the electron ther-
mal velocity is vse/vie = 0.16, m,/m. = 100, and
wpe/wee = 2. These parameters mean that most of
ions are unmagnetized, and the collisionless {ear-
ing mode is stable[11]. We carry out two kinds of
simulation runs for By = 0 and Eg = —0.02B;, to
examine the dependence of simulation results on
the spatial grid number. It is found that qualita-
tively similar results are obtained from each run,
but an influence of boundary conditions becomes
visible by changing the grid number along the y
axis for no driving field, while it becomes visible
by changing the grid number along the z axis for
a finite driving field. We discuss the simulation re-
sults for Case A ( Ep = 0) in Section 3 and those
for Case C (Ey = —0.02Bg) in Section 4.

3 Generation of anomalous re-
sistivity

Two-dimensional particle simulation[20] has revealed
that two kinds of plasma instabilities grow in the
current layer. The LHDI[13, 21, 22, 18] grows in
the periphery of current layer in the early phase,
while the DKI{23. 24, 26} is excited near the neun-
tral sheet after the saturation of the LHDI In this
section we examine how these plasma instabilities
evolve in three-dimensional space in the absence
of an external driving flow { g = 0 ). Figures
1 and 2 show (1) the contour plots of an electric
field £, and (2) those of a magnetic field B; in the
(v,z) plane at four different time periods for Case
A where the top, second, third and bottom pan-
els stand for the profiles at w..t = 253, 510, 1021,
and 2041, respectively. The neutral sheet is located
along the mid-vertical line. The fluctuation of E,
with a relatively large wavenumber grows in the pe-
riphery in the early temporal phase (second panel
in Fig. 1). Itis confirmed that the fluctuation of E,
is dominated by an electrostatic mode. After the
saturation of this mode, the kink-like deformation
of the current sheet becomes visible (third panel
in Fig. 2). This mode pattern is kept for a long
period while drifting in the ion drift direction with
a phase velocity a little smaller than the ion dia-
magnetic drift velocity { w/k-vg; = 0.7 ). These
results are in good agreement with those for two-
dimenstonal simulation[20]. This is due to the fact
that these modes do not create a spatial structure
along the x-axis in a linear phase[30].

Let us expand the spatial dependence along the
z-axis into the Fourier modes. Shown in Fig. 3
and Fig. 4 are the frequency spectrum of an elec-
tric field Ein)(w) in the periphery (y = —0.5y)
and that of a magnetic field B (w) at the neutral
sheet (y = 0) where n is the Fourier mode number
along the z-axis, and the modes are calculated at
z = 0. Several wavenumber modes are observed to
grow simultaneously in the periphery, while only
the n = 1 mode is predomirantly excited at the
neutral sheet. According to the linear analysis of
the drift kink (DK} mode[26], the growth rate has
a peak around k,L = 1 and the growth of kink
mode is strongly suppressed for k. L >» 1. Because
k.L = 2n in the present case, the electromagnetic
(EM) mode observed near the neutral sheet is qual-
itatively in good agreement with the linear analysis
of the DK mode. Figure 5 displays the dispersion
relation of E, at y = —0.5y for the same case as
Fig. 3 where open squares stand for the simula-
tion result and the solid curve is the theoretical
dispersion relation of the lower hybrid drift (LHD)



Figure 1: Contour plots of an electric field E,
in the (y,2) plane at four different time periods
for Ey = 0 where the top, second, third and
bottom panels stand for the profiles at wet =
255, 510, 1021, and 2041, respectively.

Figure 2: Contour plots of a magnetic field B,
in the (y,z} plane at four different time periods
for the same case as Fig. 1.
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Figure 3: Fourier spectrum of an electric field
{™ () in the periphery for the same case as
Fig.1 where the spatial profile along the z-axis
at (z,y) = (0,—0.5y;) is expanded into the
Fourier modes, and the solid, dotted, dashed
and dot-dashed lines stand for the frequency
spectrum of the n = 1,2,3 and 4 modes.

Power Spectrum of B,

Figure 4: Fourier spectrum of a magnetic field
én)(w) at the neutral sheet|[(z,y) = (0,0)] for
the same case as Fig. 2.

Dispersion relation

0.2

Figure 5: Dispersion relation of E, at y =
—0.5y, for the same case as Fig. 3 where open
squares stand for the simulation result and the

solid curve is the theoretical dispersion relation
of the LHD mode.

mode[13, 21, 22]. 1t is obvious from Fig. 5 that the
electrostatic mode excited in the periphery of the
current layer is the LHD mode.

A time delay is observed between the excita-
tion of two plasma instabilities. In order to clar-
ify the physical meaning of the delay, we exam-
ine the temporal evolutions of dominant Fourier
modes in the current layer in more detail. Figure 6
plots the temporal evolution of Fourier amplitudes
of three modes where the solid, dotted and dashed
lines stand for the Fourier amplitudes of Bt" 1) at
y = 0. B at y = —0.5y, and B at y =0,
respectively. It is insightful to discuss the mode
behaviors by splitting time into five typical phases,
e, (1) 0 < wet < 190, (2) 190 < weit < 360,
{3) 360 < weet < 840, {4) 840 < wpt < 1350,
and (5) 1350 < w,.t < 2000. In Phase 1 the LHD
mode B2 grows linearly, while both B~ and
E{"=Y remain at a noise level. That is, the Phase
1 corresponds to the linear phase of the LHDI. A
sudden increase appears in the mode B"Y and
the LHDI approaches the saturation level in Phase
2. The reconnection electric field E"=% starts to
grow at the same rate as the DK mode Br=1) iy
Phase 3. The reconnection electric field dissipates
gradually and the DKI approaches its maximum
value in Phase 4. Using the relaxation time 7,
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Figure 6: Temporal evolutions of Fourier am-
plitudes of three modes for the same case as
Fig. 1.

of the reconnection electric field in Phase 4, an
anomalous resistivity induced by the DKI can be
estimated as gprr = 4w/ (Wi, Trer) = 8.8- 1073w 1
The amplitude of the DK mode is almost constant
and the field E™® returns to the noise level in
Phase 5. Figure 6 suggests that the nonlinear sat-
uration of the LHDI in Phase 2 is deeply related
to the excitation of the DKI. Power spectrum of
Bg,nzl)(w) is plotted in Fig. 7 for four time inter-
vals, i.e., 1 < wet < 360 (solid), 360 < w..t < 840
{(dotted), 840 < w..t < 1350 {(dashed), and 1 <
Weet < 2000 (thin}. A peak of the thin curve corre-
sponds to the DK mode, the frequency of which is
equal to w = 0.043w... We can not find any peak
in the spectrum for Phases 1 and 2 (solid). This
means that the DK mode is stable in Phases 1 and
2, and the sudden increase in the mode B does
not correspond to the excitation of the DK mode.
The spectral curves indicate that the DKI is trig-
gered in Phase 3.

What happens in Phase 2 7 Figure 8 illustrates
the contour plots of the mode amplitudes of B
(top) and E{™=? (second), the absolute values of
the magnetic field (third) and the current density
(bottom) at = = 0 in the (¢,%) plane where the
vertical and horizontal axes stand for the space y
and the time ¢ in a unit of w_ !, respectively. One
can see also in Fig. 8 that the LHDI grows in the
periphery in early phase (second) and the DKI is
triggered near the neutral sheet after the LHDI is
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Figure 7: Power spectrum of B%~!(w) for four
time intervals, Le., 1 < wet < 360 (solid),
360 < weet < 840 (dotted), 840 < wet < 1350
(dashed), and 1 < weet < 2000 {thin) for the
same case as Fig. 1.

nonlinearly saturated {top), as was seen in Figs. 1
and 2. It is worthy of notice that an interesting
phenomenon appears in the current density profile
as a result of the nonlinear evolution of the LHD
mode iz Phase 2 (bottom). The current profile is
flattened in the periphery where the LHD mode
is excited, while the current peaking takes place
in the central region. In other words the parti-
cle momentum is transferred from the periphery to
the central region through the action of the elec-
trostatic field excited by the LHDI[35]. The com-
pression by the LHD mode is not mirror-symmetric
around the neutral sheet because the LHD modes
above the sheet is independent of those below the
sheet. The compression deforms the current sheet
in the asymmetric way and triggers the DKI in the
vicinity of the neutral sheet. Thus, the asymmetric
compression by the LHD mode leads to the sudden
increase in the mode B{"~" in Phase 2 (see Fig.6).

The current layer becomes thinner than the ini-
tial profile as a result of the compression by the
LHD mode. The temporal evolution of five spatial
scales are plotted in Fig. 9 where the solid, dashed,
dotted, dot-dashed, and dot-dot-dashed lines stand
for the half-width of current density d,., ion Lar-
mor radius p,, the electron skin depth ¢/wy., the
ion skin depth ¢/wy,, and the average amplitude of
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Figure 8: Contour plots of the n = 1 mode of
the magnetic field B, (top), the n = 2 mode of
the electric field E, (second), the absolute val-
ues of the magnetic field (third) and the cur-
rent density (bottom) at z = 0 in the (t,9)
plane where the vertical and horizontal axes
stand for the space y and the time ¢ in a unit
of w !, respectively.

Spatial Scale
]

Figure 9: Temporal evolution of five spatial
scales for the same case as Fig. 1 where the
solid, dashed, dotted, dot-dashed, and dot-dot-
dashed Hnes stand for the half-width of current
density d,,, ion Larmor radius p;, the electron
skin depth ¢/wpe, the lon skin depth ¢/wpe, and
the average amplitude of meandering electron
orbit ime.



meandering electron orbit {ny.. The half-width of
the current layer is nearly equal to the ion Larmor
radius in the initial profile. The hal-width starts
to decrease in Phase 2 and reaches its minimum
value in Phase 3, while the ion Larmor radius re-
mains almost constant. The relation d;, = 0.7p;
holds in Phase 3. The width d,, increases and ap-
proaches p; again in Phase 4. The behavior of the
DK1 is strongly correlated with the ratio of the half-
width d;, to the ion Larmor radius p,. That is, the
DKI is triggered by decreasing the width d;. be-
low p, in Phase 3. The nonlinear evolution of the
DK instability leads to the flattening of the current
profile in the central region and the increase in d,,.
The DK instability is stabilized again in Phase 5
when d;; = p;. These resulis are in good agree-
ment with the linear kinetic theory[23, 24, 26] and
the reconnection experiments[3-5]. The stabiliza-
tion of the DKI by the ion magnetization effect
was observed in the particle simulation of field-
reversed configuration plasmas[36]. On the other
hand, the behavior of the DK instability is almost
independent of the electron skin depth c/w,., the
ion skin depth ¢/wy., and the electron meandering
amplitude I,,,.. This result is quite different from
the fluid models[8-10], in which a whistler mode
is destabilized when the width decreases below the
ion skin depth ¢/w,,.

Because ions inside the current layer (r < p,)
remain unmagnetized, the compression by the LHD
mode acts only on electrons. Thus, the current
layer is split into the ion and electron current lay-
ers. Figure 10 shows the temporal evolutions of
average particle velocities < v, > and < v;; >,
and ion thermal velocity ve; at midpoint where the
average velocity is defined in the same way as the
current density in Eq. (8). The compression by
the LHD mode leads to the increase in the average
electron velocity < v, > in the central region, but
not in < ;. >. The DKI plays a role in enlarging
the current layer, while its growth rate decreases
with increasing the width of the current layer. Con-
sequently, the width of an electron current layer
reaches its minimum value when the compression
by the LHD mode is balanced with the growth of
the DKI. It is interesting to note that the minimum
width is determined by this balance condition, but
not by the electron scales such as the electron skin
depth or the electron meandering amplitude. This
point is quite different from the simulation results
in the two dimensions[28, 29].

The excitation of two plasma instabilities gives
rise to the anisotropic heating of plasmas in the
current layer. Figure 11 shows the temporal evolu-
tions of average particle temperature at the mid-

0.08;
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Velocity at midpoint

0 ' 1000 2000

Figure 10: Temporal evolutions of the z com-
ponent of the average electron velocity (solid},
that of the average ion velocity (dashed), and
ion thermal velocity (dotted) at midpoint for
the same case as Fig. 1.
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Figure 11: Temporal evolutions of average par-
ticle temperature at the midpoint where the
solid, dashed, dotted, and dot-dashed lines
represent the z component and z component
of the electron temperature and those of the
ion temperature, respectively.



point where the solid, dashed, dotted, and dot-
dashed lines represent the z component and z com-
ponent of the electron temperature and those of the
ion temperature, respectively. The particle heat-
ing takes place in the perpendicular direction to an
equilibrium magnetic field through the action of the
DKI. We plot the spatiotemporal structure of the
particle temperatures in Fig. 12 where the top, sec-
ond, third, and bottom panels represent the z com-
ponent of the electron temperature T, that of the
ion temperature T,., the perpendicular component
of the electron temperature T,p, and that of the ion
temperature 7};, respectively. It is obviously shown
in Fig. 12 that the electron temperature is heated
up in the perpendicular direction inside the current
layer in accordance with the excitation of the DKI.
We can also see that the same phenomenon takes
place in the ion temperature, although the profile is
ambiguous due to the finiteness of the ion Larmor
radius.

4 Effect of an external driv-
ing field

The reconnection electric field dissipates gradually
in Phase 4 and returns to the noise level in Phase
5, as was seen in Fig. 6. In other words, collision-
less reconnection is terminated for a relatively short
period in the absence of an external driving field.
The magnetic flux is carried away from the periph-
ery towards the central region through the action
of the electrostatic field generated by the LHDIL
However, the supply of a magnetic flux to the neu-
tral sheet is siowed down and stopped in a short
time because the LHDI is stabilized as a result of
the current flattening. This phenomenon is also re-
lated to the fact that the total amount of magnetic
flux in the periphery is limited. Thus, the magnetic
flux supply from the exterior region is needed for
the continuation of collisionless reconnection. Ac-
cording to the two-dimensional simulation in the
presence of an external driving flow[28, 29], the
convective electric field can penetrate into the ion
current layer after the current layer is compressed
as thin as the ion kinetic scale by the convergent
plasma flow[37]. The Poynting flux moves towards
the neutral sheet while creating the electron cur-
rent layer inside the ion current layer. As soon as
the electric field reaches the neutral sheet, mag-
netic reconnection is triggered and the topology of
magnetic field lines is changed.

Let us examine how two plasma instabilities,
the LHDI and the DKI, evolve in three dimensions
in the presence of an externai driving field. Figure

Tex{t,y}

Figure 12: Spatiotemporal structure of the
particle temperatures in the (Z,y) plane where
the top, second, third, and bottom panels rep-
resent the r component of the electron temper-
ature Tp., that of the ion temperature T,,, the
perpendicular component of the electron tem-
perature T,,, and that of the ion temperature
Tip,(top), respectively.
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Figure 13: Contour plots of the » = 1 mode of
the magnetic field B, (top), the n = 2 mode of
the electric field E, (second), the absolute val-
ues of the magnetic field (third) and the cur-
rent density (bottom) at z = 0 in the {¢,%)
plane for Case C where the vertical and hori-
zontal axes stand for the space y and the time
fin a unit of w;el, respectively.
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Figure 14: Temporal evolutions of Fourier am-
plitudes of four modes for Case C.

13 shows the spatiotemporal structure of the n == 1
mode of the magnetic field B, (top), the n = 2
mode of the electric field E, (second), the abso-
lute values of the magnetic field (third) and the
current density (bottom) at z = 0 in the {¢,%)
plane for Case C where the driving electric field
is By = ~0.02. One can see in Fig. 13 that the
behaviors of two instabilities are very similar to
those for no driving field. That is, the LHDI is
excited in the periphery in the intermediate tem-
poral phase while the DKI is triggered near the
neutral sheet in the late phase after the nonlinear
deformation of the current layer by the LHDI. It
1s interesting to note that, in contrast to no driv-
ing field case, the LHD modes are forced to pene-
trate into the high beta central region by the ex-
ternal driving field and it keeps a finite amplitude
even in the late phase. The temporal evolution of
the four plasma modes are plotted in Fig. 14 for
Case C where the solid, dotted, dashed, dot-dashed
lines stand for the Fourier amplitudes of the modes
BN aty =0, Bé,m:l) aty =0, B aty =0,
and EI"Y 44 y = —0.5y5, and m is the Fourier
mode number along the r axis. Because most of
ions inside the current layer is unmagnetized in the
present case, the electric field or the Poynting flux
added at the input boundary penetrates into the
current layer while compressing mainly the elec-
tron profile. When the Poynting flux reaches the
neutral sheet, collisionless reconnection is triggered
and the y component of magnetic field is gener-



ated. The reconnection electric field starts to grow
in the transit time for electrons to drift over the
half-length of the simulation box along the y direc-
tion ( tge = ypBo/cEy = 100w} ). The penetra-
tion speed of the Poynting flux has a spatial de-
pendence because there exist the Fourier modes of
the electric field excited by the LHDI in the periph-
ery. The asymmetric penetration gives rise to the
rapid increase in the mode BI"=Y at the neutral
sheet during the periods of 160 < w,.t < 240. It
should be pointed out that magnetic reconnection
is triggered by the convective electric field before
the excitation of the DKI ( ¢ > 280w_,!

Perspective views of the current sheet at three
different periods are shown in Fig. 15 for Case
C where the current sheet is defined by the con-
dition B, = 0, red and blue colors stand for the
positive and negative values of magnetic field B,.
The initial straight current sheet is deformed into
the n = 1 mode structure in the z direction in the
early phase (middle). Reconnection point appears
almost along the midline ( z = 0 ) in the current
sheet ( see a green color ). This is related to the fact
that the applied electric field becomes maximum at
the midline ( z = 0 ) in the input boundary sur-
face ( see Eq. (13) ). The reconnected magnetic
flux or the field B, is piled up in the downstream
as time goes on. It is interesting to note that re-
connection rate becomes maximum at the z loca-
tion where the DKI has a maximum amplitude, and
thus the reconnected flux forms a two-dimensional
spatial structure in the current sheet (bottom).

Because the convergent plasma flow supplied
through the boundary compresses the current layer,
the physical parameters such as the ion Larmor
radius become a function of time. The temporal
evolution of four spatial scales are shown in Fig.
16 where the solid, dashed, dotted, and dot-dashed
lines stand for the half-width of current density d;.,
the ion Larmor radius p;, the electron skin depth
¢/wpe, and the average amplitude of meandering
electron orbit l,,.. The width d;, is comparable to
ion Larmor radius p; in the initial profile. Both d;,
and p; decrease with time, and d;. approaches one
third of its initial value in the DKI growing phase,
when the relation d;, ~ 0.5p; holds. The thin-
ning of the current layer by the convergent plasma
flow increases the growth rate of the DK mode,
because the growth rate strongly depends on the
ratio of the current layer width to the ion Larmor
radius[23, 26]. Consequently, the DKI is triggered
earlier and grows with a larger rate compared with
that for no driving flow.

Figure 17 shows the Temporal evolution of the
z component of particle temperature at the mid-
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Figure 15: Perspective views of the current
sheet at three different time periods for Case C
where red and blue colors stand for the positive
and negative values of magnetic field B,.




Spatial Scale

Figure 16: Temporal evolution of four spatial
scales for Case C where the solid, dashed, dot-
ted, and dot-dashed lires stand for the half-
width of current density d,,, the ion Larmor
radius p;, the electron skin depth ¢/wye, and
the average amplitude of meandering electron
orbit [..
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Figure 17: Temporal evolution of the z com-
ponent of the particle temperature at the mid-
point for Cases A and C where the solid, dot-
ted, dashed, and dot-dashed lines represent the
electron temperature and the ion temperature
for Case C, and those for Case A, respectively.

point for Cases A and C where the solid, dotted,
dashed, and dot-dashed lines represent the electron
temperature and the ion temperature for Case C,
and those for Case A, respectively. As was seen
in the two-dimensional studies[28, 29], both the
ions and the electrons are heated in the perpen-
dicular direction to the equilibrium magnetic field
through collisionless reconnection. Furthermore, it
should be pointed out that the perpendicular com-
ponent of ion temperature becomes much predom-
inant over the other components and thus the ion
velocity distribution becomes much anisotropic in
the presence of an external driving field.

5 Summary

We have investigated the generation process of anoma-
lous resistivity and the dynamical development of
collisionless reconnection in three dimensions by
means of a full particle simulation. ¥or no exter-
nal driving source, two different types of plasma
instabilities are excited in the current layer. The
lower hybrid drift instability (LHDI} is observed to
grow in the periphery of current layer in the early
period. Nonlirear evoluiion of the LD leads to
the current flattening in the periphery and the cur-



rent peaking in the central region. The drift kink
instability (DKI) is triggered at the neutral sheet
after the half-width of current layer decreases be-
low than the ion Larmor radius as a result of the
nonlinear deformation of the current layer by the
LHDI. An electric field grows at the neutral sheet
in the same direction as the wavevector of the DKI
in accordance of an excitation of the DKI, and thus
collisionless reconnection is triggered by the DKI.
An anomalous resistivity induced by the DKI can
be estimated as gpk; =~ 8.8 1073w, 1. The DKI
is also stabilized in a short period as a result of
the current flattening in the absence of an external
driving field.

When an external driving flow exists, the con-
vective electric field penetrates into the current layer
through the particle kinetic effect and collisionless
reconnection is triggered by the convective electric
field earlter than the DKI is excited. The LHD
mode, which is excited in the periphery, is forced
to penetrate into the high beta region by the con-
vective electric field. This result is similar to the
LHDI penetration model proposed by Winskef18].
The reconnection rate becomes maximum at the
point where the DKI has a maximum amplitude,
and a two-dimensional structure of the reconnected
magnetic flux is created in the current sheet. It is
also found that the anisotropic ion distribution is
formed through the anomalous ion heating by the
DKI.
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