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Fast collisionless reconnection of magnetic flux loops by the macro-particle simulation code shows
significant asymmetry of the plasma flow under an ambient toroidal magnetic field. The parallel
motion of electrons induced by the reconnection electric field is found to produce large density and
toroidal magnetic field inhomogeneities of a quadrupole shépe,~ 0.3, unlike them=1 mode.

The divergence of the plasma flow is locally not identical to zero with each spacies?) # 0
(s=e,i), due to the electron spatial movement along the magnetic field. This internal structure
results in a thick current layer and enhances the reconnection process. A plasmoid that impedes
magnetic reconnection is created when the parallel mass diffusivity of electrons arising from their
thermal motion is suppresséithe fluid limit). The reconnection rate becomes a smoothly increasing
function of the ion mass and an inverse of the toroidal magnetic field, the latter of which being due
to the compressional effect. The rate is drastically reduced when the ion Larmor radius far exceeds
the ion skin depth. ©1996 American Institute of Physid$1070-664X96)01711-9

I. INTRODUCTION to escape for the plasma coming into the reconnection layer.
The reconnection rate showed a steep increase at the small
The formation of the current layer and its internal struc-ijon mass regime and weak dependence elsewhere, owing to
ture are important physics issues of fast magnetic reconneche singular layer thickness at the small ion mass regime.
tion, as they determine the nature of magnetic reconnection By contrast, it was found by the macro-particle simula-
observed in solar flares, magnetosphere and fusiotion study that during the reconnection of the flux loops, a
plasmas:? In order to investigate the fundamental process ofthick current layer comparable to the electron skin dEth
magnetic reconnection which is expected to occur in a colliformed which is associated with significantly asymmetric
sionless state, non-resistive MH@nagnetohydrodynamic plasma flow. The asymmetry is proved here to be directly
studies were extensively performed by means of the¥fid connected with divergence of the electron bulk flow along
and particle simulation methods® These studies are clas- the magnetic field. This new feature has an important conse-
sified into those of then=1 mod€é~> and the coalescence quence to magnetic reconnection: The substantially thick
proces&1° depending on whether the adopted geometry ofurrent layer is maintained through an appearance of the in-
the plasmalmagnetic fieldl is open or closed. The present ternal structure, i.e., asymmetric density and toroidal mag-
paper will deal with the coalescence process which takesetic field variations, within the current layer arising from
place in astrophysical and laboratory environments. the electron parallel motiotf. Since the reconnection rate
For the aforementioned purposes, a fully-kinetic studyscales asj¥/dt~v,D/L with ¥ the isolated poloidal mag-
by the particle simulation cod€3 might be a highly desir- netic flux, D andL the thickness and length of the current
able way to obtain the complete picture of collisionless re-ayer, respectively, the asymmetry should increase the recon-
connection from the first principle, as will be described innection rate compared to the incompressible fluid case which
this paper. It is shown that both the fluidulk) and kinetic  is accompanied by the very thin current lafexlso, the rate
(therma) effects of the electrons are essentially important inbecomes a smoothly increasing function of the ion mass

the study of collisionless reconnection process. without a sudden curvature change because the thickhess
The previous study of collisionless reconnection of mag-is not singular at the small ion mass regime.
netic flux loops in the framework of th&ncompressiblg The electron thermal motion, generally speaking, is ex-

two-fluid theory showed a development of the infinitely thin pected to accelerate the reconnection process. Such an effect
(singulay current layer at the interface between the fluxmay be approximated in terms of the enhanced diffusion of
loops® The symmetric initial conditions always resulted in plasma pressure in the fluid stutlyf. electron mass diffusiv-
completely symmetric plasma flows during the coalescenc#y due to the thermal motion is not taken into account as in
process. However, the symmetric solution was precisely duthe ordinary fluid studie$?® a thin current layer and slower
to the incompressibility assumption imposed on each plasmeeconnection result. In the present study by the particle simu-
species. As a consequence, the plasma density stayed honfiation code, a plasma with low electron temperature is found
geneous and no internal structure could appear in the curretq create a plasmoid that holds the reconnection-blocking
layer. The thin channel of the current layer was the only pattioroidal current and impedes the reconnection prof8ss.

11 (B)]. Again, divergence of the plasma floW;V # 0, is

30n sabbatical leave from National Institute for Fusion Science, Nagoyzs{’equm:"d for devebpmem of the Iargtetachecblasmmd at

464-01, Japan. the X-point. Reconnection takes place only after the plas-
Electronic mail: tanaka@pfc.mit.edu moid is pushed out of the current layer by magnetic pressure.
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Therefore, it is essential in the study of collisionless mag- vy.g"+1=0. (4)

netic reconnection to incorporate the mass diffusivity of the ] o
current-carrying electrons through their thermal motiont1eré,E andB are the electric and magnetic fields, respec-
along the magnetic field. tively, J and p the current and charge densities. The super-

To avoid general confusion with thie=1 mode~Sit is scripts stand for the time level in the umit on which each

stressed here that the coalescence of the flux loops is a ffd¢antity is defined. The cqnstamy(>_3—§) gives time-
reconnection process which occurs essentially in the systeffi'Plicitness which serves to filter out high-frequency com-
with open magnetic field geometry such as for the solaPOnents of the electromagnetic oscillations  with
flares!® The process is strongly driven by the attractive force?At=0(1), where o is their characteristic frequency.
between the current of the same polarity which are containedNerefore, large noises due to the high-frequency electro-
in the flux loops. Accumulation of plasma pressure at thén@gnetic waves and the Langmuir oscillations which the
X-point is not enough to stabilize the merging process. orstandard electromagnetic partlt_:le codes include are absent in
the other hand, then=1 mode is a reconnection process tNe Present low-frequency particle code. _
slower than the coalescence process. It is because the toka- "€ €quations of motion for each particle are the
mak plasma in which then=1 mode grows is an equilib- Nevvt(_)n—Lorentz equations, again with the time-decentering
rium, magnetically-closed system. The plasma flow is coni€chnique,
fined in a narrow channel between the nested flux surfaces. (dx; /)" V2= w2 (5)

In this paper, the asymmetric solution arising from com- J !
pressibility of the plasma bulk flow is shown to be a natural ~ (dv;/dt)"* 2= (e;/m;)[E"" *+ (v;/c)"*2xB" " *].
solution of the collisionless coalescence process of the flux (6)
loops under the ambient .magnetlc field. Mo.reover,. I 'SWhen the electrons are well magnetized, the drift-kinetic
shown that the thermal motion of the electrons is required t%quations are used
avoid the plasmoid formation and to enhance the collision- '

less reconnection process. The role of finite ion Larmor ra-  (dx; /dt)™* *2=[vf}" "2 @+ ][], (7)
dius is also presented. 12 N4 +
The outline of this paper will be the following. In Sec. II, (doy; /A" o= (—e/mg) E| ™ “— (u; /me) VB ™. (8)

the numerical method and conditions adopted in the mMacroy, he equationsx; and v; are the position and three-
i i

particle simulations are presented. The simulation results arg ensional (3-D) velocity of each particle, respectively

described in subsequent two sections: the roles of the asym

: o ) 1, Vi the parallel and perpendiculéguiding-center ve-
metric (bulk) flow and the thermal motion in Sec. llI. Also in li VL] b Perp & g 4

) . . . b locities of thej-th particle, wherev, ; includes theE X B and
this section, the incompressible fluid limit is argued. In Sec b 1

V. th wic d d £ th . : ‘magnetic drifts. The diamagnetic current is separately calcu-
» (NE parametric dependences of the reconnection rate ofay ang added td in Eg. (1). The quantityb is the unit
the ion mass, Larmor radius and the toroidal magnetic fiel

! ) . . ector along the magnetic fielé;, m; and ; the electric
are shown. Finally, a conclusion will be made in Sec. V. charge, mass and magnetic moment, respectively. It is re-
marked that the correction by the Poisson equation(Bg.
ensures proper charge neutrality in the two-component
plasmat® since the required choice af>3 in Eq. (1) causes

Before the details of the simulations are shown. thedeviations from the charge continuitif this precaution is

macro-particle simulation code adopted in this study is"t observed, one will suffer from unrealistic charge

briefly summarized to clarify its advantages over the stanSeparatiort) Also we note that, unlike the hybrid-particle

dard electromagnetic and hybrid-particle codes. code, the electron inertia term is properly retained in the

The macro-particle code is the low-frequency, largeParallel motion in Eq(8) _
spatial-scale simulation technig®& using the time step The accuracy of the macro-particle code has been tested
At and spatial scaleAx such that wy,At>1 and in various circumstances. The MHD eigenmodes such as the
P

AX/\pe>1, wherew,e and\p, are, respectively, the plasma Alfvén and magnetosonic waves are correctly obtained in

frequency and the Debye length. Note that the typical valuef€mal equilibrium plasmé In unstable plasmas, the fre-

used in the conventional electromagnetic particle code ar8Uency and growth rate agree quite well with the theoretical

0, At~0.2 andAx/\pe~1. The macro-particle code has °"€S for both the beam-driven and temperature anisotropy-
p : e~ 1.

. e . . oy 3 .
both the full-kinetic and electron drift-kinetic versions in driven Alfvén ion-cyclotron (AIC) instability'® and the ki-

multi-dimensional coordinate space. In the codes, the MaxN€tic Alfven wave which is the Alfve wave with ion finite

Larmor radius effect$>!® For the AIC instability, a pitch-

well equations are solved for the electromagnetic field, ex- ; . !
cept that the backward time-decentering scheme is intro@Nngle scattering process by the quasilinear effect is shown to

duced to realize the “mesoscale” characteristics just”® Properly reproduced.
To start the simulations, a charge-neutral plasma of ho-

II. SIMULATION METHOD AND INITIAL CONDITIONS

mentioned, DAL, | :
1 . - mogeneous density is initialized with the same number of
(JEIat)" V2= cVxB "t — 470t e, (1) ions and electroné4 ions/cell in the doubly-periodic Car-
(9B at)" V2= — ¢V xEN* @, 7 f[eS|an systemx,z). Three .components of the pa.rtlc_le v_eloc-
ity are generated according to a Boltzmann distribution of
V-EMtl=47p"tl (3)  given temperatures. The ions located in the core of the flux
Phys. Plasmas, Vol. 3, No. 11, November 1996 Motohiko Tanaka 4011
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FIG. 1. Time development of the poloidal flux function for the standard run
in (a) the equilibrium state &t=0.75r, , (b) the most rapid phase of recon- 915.
nection att=1.97,, and(c) att=2.57,.

z'/(C/“’pe)

loops are given an initial drift toward the positive
y-direction to produce a pair of flux loops. The system size is 135,
Lx=400c/ wpe andL,=300c/ wpe (NOtE C/ wpe=7~15\pg).
We use spatial grids with uneven spacings inttdirection,
with  Ax=0.5&%/wp, in the central region and . _
Axsl.ﬁc/wpe in the outer region;Azs4.1c/wpe in the FI'G. 2. The enlargements of the polo(lgal curréfﬁ , the residual .curlfent
z-direction. It is remarked thaF particle sir_nulati_ons have atv;g';h Stgja'f:i&g?%ﬂ;ﬂéj‘;gtﬁgﬁf% o'mart‘gpﬂzg Eg{?obrﬁr ?:snpsggfiv'gly_
reasonable resolution even with fewer grid points becausgolumn (a) is for the electrons an¢b) for the ions.[Diamagnetic current
the current and charge densities are less subject to spati@s been subtracted i), and 5ng/ny~0.3] Dashed contour lines corre-
diffusion by virtue of solid Lagrangian particlés. spond to negative values of the function.

The physical parameters are the mass ratio
m; /my= 25— 200, the temperature ratiq /T,= 1/8— 49, and
the strength of the ambient toroidéf-direction magnetic ~adjacent tips of the expansion fans are staggered, shifted ei-
field w(c%)/wpe=0—2- The electron beta value is ther downward or upward in the left or right-half planes. An
,86=87rnTe/BS=0.O4, except for the runs with different asymmetry is also seen in the ion poloidal current of F!g.
values of electron thermal speed or the applied toroidal magé(P)- The thickness of the current layer deduced from Fig.
netic field. The time step isAt/7,=10"2, with 3(C), whichis larger than the electron skin depth, is basically
7a~4Xx10% ¢ the poloidal Alfven time, wherery=d/va the same as that the asymmetry provides.

. RO Ao . L i Since the poloidal plasma current is mostly due to the
with v, =By, '/ y4mnm; andd being half the initial separa E X B drift in the presence of the ambient magnetic ffelde

tion of the flux loops. The parameters for the standard run . .
. . : - - subtract that part from the electron and ion currents to obtain
described below in detail are, /m,=100, T;/T.=1 and (S)_ () 2
0Q/w,.=1. [Toroidal and poloidal stand for thg and 0Jp”=J,"~0sNsVe, WhereVe=CEXB/B” andgs, n; are
cel Tpe the charge and number densities of either electrons or ions. It

(x,2) components, respectively. is quite interesting in the middle panel of the figure that there

Z/(c/wpe)

IIl. QUALITATIVE RESULTS

A. Asymmetry due to parallel motion of electrons

Figure 1 is the time sequential plot of the poloidal flux
function ¥ which is related to the poloidal magnetic field by
Bp=Vx(\I’§/). An elongated current layer with large nega-
tive current density J,<0, opposite to those of the flux
loops is formed between the flux loops. Magnetic reconnec- 915,
tion proceeds most rapidly at the timte=1.97, shown in
Fig. 1(b). At later times the reconnection process is slowed
down due to the repulsive force of the already reconnecte H
field.

The enlargements of the plasma quantities in the rectan- 18s.
gular region denoted in Fig.() are shown in Figs. 2 and 3.

The first thing we notice is that the plasma ejection fans in
the poloidal plane are thick and widely open in angle equally o
FIG. 3. The enlargements ¢#) the parallel electric fieldE, (b) the elec-

for electrons and ions. When we inspect Fig. 2 more Cal’et_rostatic potentialp, (c) the poloidal flux functior¥, and(d) the perturbed

. s .
.fU”yv_ the poloidal Curren_ﬂé )' gspemally that of the electrons  oroidal magnetic fieldsB, at t=1.9r, of the standard run. The maximum
in Fig. 2a), shows a significant up/down asymmetry; the strengths are|~7.4x10"%, ¢~0.16,¥ ~8.7, andéB,~2.4x 1072

33.
3,
)

87. 213.
zf(c/wpe)
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z/(c/wpe) FIG. 5. The time history of the isolated poloidal flux for the standard run
(solid) and for the special rufdashedlin which the spatial displacement of

FIG. 4. The enlargements of the electron poloidal current (@r the the electrons at the X-point is discarded while keeping the toroidal current.

B,<0 run, and(b) the run ignoring the electron magnetic driftg) The

divergence of the electron current, adl the cross-cut of the plasma and .
magnetic pressures vertically through the current layar=a0.41L, for the @S dNs/Ng~0.3 both for the electrons and ions, as already

standard run. seen in the bottom panels of Fig. 2.
The observed asymmetry caused by the electron parallel

flow under an influence of the toroidally induced electric
remains in3J$Y of both the electron and ion species a poloi-field is also verified by the following arguments. First, the
dal component that is comparable‘lﬁ) The electron com- magnetic drifts of the electrons have little to do with the
ponent 6J(pe) is quite asymmetric which directs leftward asymmetry, as they are small in magnitude. Even omission
(rightward in the upper(lower) half-plane. It is stronger on of these terms in the simulation gives essentially the same
the flanks than at the center of the current lay&he dia- result, as depicted in Fig.(d). Second, a reversal of the
magnetic current has been subtracted from the electron corglirection(sign) of the ambient toroidal magnetic field causes
ponent displayed in Fig.(d).] The residual component for the sign change of the parallel electric field. If the parallel
the ions&]g) mostly consists of the diamagnetic current dueelectric field is driving the asymmetry, the up/down asym-
to the quadrupole density inhomogeneity shown in the botmetry should be also reversed, which is in fact the case as
tom panel of Fig. 2. demonstrated in Fig.(4).

The origin of the asymmetry in Fig. 2, which was ob- The following simulation experiment gives a further evi-
served in the macro-particle simulatibiis disclosed in the dence that the parallel flow of the electrons is a key ingredi-
following manner. First, note that the magnetic field, whichent of magnetic reconnection in the coalescence process. In
is a sum of the toroidal fieldR;>0) and the poloidal field the following special run, the spatial displacement of the
represented by the contours of the poloidal flux function inelectron element due to the parallel motiofB/|B| is ig-

Fig. 3(c), is directed up-rightward and down-leftward in the nored in a tiny region centered at the X-point, while keeping
upper and lower sides of the neutral line, respectively. Thugheir parallel currenﬂﬁe) and the poloidal motion in an ordi-
the parallel electric field& = (E-B)/B in Fig. 3@, which is  nary fashion. The time history of the isolated poloidal mag-
mainly the projection of the toroidal electric fielit, onto the  netic flux contained in the flux loops is shown in Fig. 5 with
local magnetic field, can accelerate the electrpobidally  the solid line for the standard run. By clear contrast, for the
rightward and leftward in the upper and lower half-planes,special run the poloidal flux does not merge as demonstrated
respectively. Indeed, thE <O region in Fig. 8a) (dashed
contours agrees quite well with the region where the asym-
metric current exists. The directions of the parallel electric
field E; coincide with those of the asymmetric poloidal cur-
rents shown in Fig. @). Since it takes a finite time for the
incoming electrons into the current layer to get accelerated,
the quantity 8J{ should be stronger on the flanks of the
current layer rather than at the X-point, as has been observed
in Fig. 2.

Moreover, we note that the region of the parallel electric
field Ej<0 is limited in the current layer due to charge neu-
tralization elsewhere by thermal motion of electrons along
the magnetic fieldFig. 3(@]. Therefore, after the electrons 185.
get a net parallel acceleration in the current layer, they pile
up at the layer boundary where the parallel electric field van-

ISheS’E”_@' This regults in local accumulation or depletlon IG. 6. The poloidal and toroidal magnetic field for37, of the run
of the electrons within the current layer, namely, substantialyown with the dashed line in Fig. 5. The plasmoid stays at the X-point and
guadrupole density inhomogeneity. Its magnitude is as largenpedes magnetic reconnection.

215.

z/(e/wpe)

213.
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by the dashed line. In the latter run, a sharply peaked current (a)
layer is followed by a concentrated current vortex—a plas- Tees
moid at the X-point(Fig. 6). The plasmoid is a natural con- l
sequence of slow removal of the current since the electrons
(current carrier stay around the X-point for a long time.

A plasmoid is also seen for the cool electron case to be
described in Sec. (B). The plasmoid carrying, <0 blocks

a newly incoming plasma of the flux loops with>0 by 25. \\// 7]
exerting a repulsive magnetic force. With these figures, we—

i

T
AN Y14

i

o)

1 ;‘/ o
s
LIS

f

7
CNNNS—= 4701 NS

IXTYRERTIRIRRen?

can conclude that the parallel motion of the electrons is the%

origin of fast magnetic reconnection. =
A discrepancy in the structures of the current layer be-

tween the present particle simulation and the collisionless

two-fluid studies consists in the assumption of the fluid stud- z/(c/wpe)

ies that the fluid motion be incompressilitivergence-free

separately with each species. This conclusion is obtained b§G. 7. The enlargements of the poloidappe) and toroidal(lower) mag-

comparing the particle simulation and the two-fluid study ofnetic field at(a) t=2.5r, and(b) t=3.0r, for the cgol electron case. The

the coalescence proceGsEAn active simulation experiment ?é)nptelzraer;ce and lateral movement of the plasmoid are observed in the cur-

further verifying this point is to be described in Sec(d).] yer

The latter study assuméd-v=0 with each plasma species.

However, as will be stated in the next paragraph, the righjitterent from the standard rutwarm electronsis the ap-
condition is V+(v¥+v(7)=0 across the electron and ion yearance of a “plasmoid” at the X-point, as shown in Fig. 7.
species. Although the divergence-free assumption with eachy,o poloidal magnetic field in the fingre reveals that this
plasma component allows us the use of the stream fU”CtiOBIasmoid has a large “negativefteconnection-blockingto-

for the flow, it rules out important non-symmetric SOlUtions. 444 current, which exerts a repulsive force on the incom-
Figure 4c) shows_ the non-zero divergence of_the electroning flux loops carrying the “positive” current and impedes
currentV-J(®, which superimposes very well with the den- the reconnection process.

sity perturbation in the bottom panel of Fig. 2. Therefore, the |1 ig emphasized here again that the divergence of the
flow compressibility cannot be ignored within the reconnec-pasma flow¥-V # 0, is essential for the full development of
tion layer even in the presence of the ambient magnetic fieldye plasmoid. For this reason, it is not surprising that one did

The divergence of the current densiy’ in Fig. 4©) is ot find this kind of plasmoids in the incompressible fluid
found to be significant in the current layer, gy,qy of collisionless magnetic reconnection. By contrast, in
|V-39/]3|~0.05(wpe/c), or D|V-39[/|3®|~0.2, where e present study the plasma flow converging into the
D is the layer width. The divergence of the electron Currentx_poim is partly detached from the outgoing flow in the
arises from the parallel componeft;J®=V;-J(% This is growth phase to merge and form a large vortex of the plas-
compensated by the divergence of the ion perpendicular cungiqg. Indeed, the plasma flow in the poloidal plane shows a
rent owing to the polarization driftup, = m;). The charge  conformable flow encircling the plasmoid along the poloidal
neutrality is maintainedy;-J{®+V, -J)~0. However, the magnetic field of Fig. 6. The size and magnitude of the en-
divergence of each plasma flow leads to the aforementionegm”ng flow are intensified with the plasmoid growth.
density inhomogeneity, as is typical for the low-frequency  As |ong as the plasmoid is trapped in the current layer,
drift waves. the plasma stays in a phase without magnetic reconnection.

The diamagnetic currenty,=(v?/2w.0)(Vn/n) with  As the plasmoid grows, it is pushed sideways by the mag-
Vn/in~1//g, due to the density hills and holes of the quad-petic pressure and leaves the current layer=a8r,. This
rupole shape generates the current perturbation and, henggyppens because the configuration with the plasmoid at the
the toroidal magnetic field variatiodB; of the same form  center is unstable to a horizontal displacement. Note that the
[Fig. 3(d)]. Here, the gradient-B current is 2 orders of mag-equations here allow for non-symmetric solutions. After the
nitude Sma”er than the diamagnetic Current, Sincqﬂasmoid iS removed as Shown in F|gby, the process goes
VB/B~(B,/B;)*/2/5. Simultaneously, the change in the jnto the fast reconnection phase. The overall reconnection
plasma density is associated with appreciable change in th@te becomes about thirty percent smaller than that of the
plasma pressure. The toroidal magnetic pressure and th@andard run with,./c=0.2. However, for the real plasmas
plasma pressure is found to balance the poloidal magnetiie removal time of the plasmoid will highly depend on the
pressure outside the current layer, as shown in Hig). 4 lateral length of the current layer.

The criterion to avoid the plasmoid formation is obtained
in the following manner. The average momentum equation
for the electrons residing around the X-point may be ap-

In order to investigate the effect of the electron thermalproximated by,nmedV, /dt~—neE,+nmgV,/7y;,, where
motion, a run with half the electron thermal velocity com- 7, is the momentum loss time due to electron thermal mo-
pared to that of the standard run, i.e,,/c=0.1, has been tion. If the magnitude of the second tefinsg is larger than
performed. A very interesting observation that is drasticallythat of the first term(acceleration the plasmoid can be

B. Electron thermal motion and plasmoid formation

4014 Phys. Plasmas, Vol. 3, No. 11, November 1996 Motohiko Tanaka
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t/7a 185.
87. 213.
FIG. 8. The time history of the isolated poloidal flux for the standard run z{(c/wpe)
(solid) and for the run with the stronger toroidal magnetic field,
B¢ /By~ 10 (dashegl FIG. 9. The enlargements ¢&) and (b), the electron poloidal and toroidal

current, respectively(c) the poloidal flux function, andd) the electron
number density at=1.97, of the run with the stronger toroidal magnetic

avoided. As the average velocity of the X-point electrons igfield. B:/By~10.
given by,V,~(—eE,/mg)(r, + 7n)/2, the above criterion is

simply written asry,< 7, with 7, the time for the electrons  comes small by increasing the toroidal to poloidal magnetic

to come across the current layer of thickn€ssNext, we  field ratio. Here,v stands for both the bulk and thermal
note that the acceleration and loss times are approximatelyg|gcities.

7;~D/Uiy, and mp~L/(vnBp/By), respectively. Thus, the Figure 8 gives a comparison of the reconnection rates
critical thermal speed of avoiding the plasmoid formationpetween the standard run and the run with a stronger toroidal
may be, magnetic fieldwce/ wpe=2 (or B,/B,~10). As is expected
_ L B, from the foregoing arguments on the role of the electron
v EUin s o (9)  parallel motion, the reconnection rate for the stronger toroi-
D B,

dal field in Fig. 8(dashed lingis reduced to two thirds that

The parameters for the standard rug,~80(c/w,e)/57a of the standard rurd¥/dt~0.13¥ %)/ 7, .
L/D~30/5, andB,/B,~1/0.2, yield the critical thermal The poloidal and toroidal electron current, the poloidal
speed to be,iy,/c)°" ~0.12. This value is quite consistent flux function and electron density are shown in Fig. 9 for the
with the simulation runs where the plasmoid is observed fofrun with wcel wpe=2. Even in this case, the anisotropy is
the thermal speed afy,/c=0.1, whereas it is absent for the seen in the plasma density as shown in Figl) 9it is noted
standard case withy,/c=0.2. that the slow reconnection here is not associated with a plas-

The laboratory and space plasmas that we are often irmoid mentioned in Sec. iB) as the electron temperature is
terested in are considered to be in the warm electron regimeyigh (v,./c=0.2), but with an elongated current layer com-
The ratio of the electron thermal speed and theloida)  pared to that of the standard run in Figci8 Also, the thick-
Alfven speed which is a measure of electron bdlkid)  ness of the current layer deduced from the poloidal flux func-
motion is given bype/vap~(Bemi/me) ¥(B,/B,). If real-  tion in Fig. 9c) is apparently narrower than for the standard
istic parameters in these plasmas are usedd¢-0.05and  case. The smaller value &f/L for largerB,/B, is just con-
Bi/By~5, one haw /v ap~50. On the other hand, the ratio sjstent with the smaller reconnection rate as shown in Fig. 8.
for the standard rutwarm plasmgof the particle simulation  The present result might well show the flavor of the incom-
is vie/vap~20. Thus the electron thermal effects must bepressible fluid limit without electron bulk and thermal effects
included in the study of collisionless magnetic reconnectiorfor the given physical parameters.
unless the electron beta value is as lowgasm,/m; .

IV. PARAMETRIC DEPENDENCES
C. The incompressible fluid limit A. lon inertia and Larmor radius effects

As has been shown in Sec. (W), the thickness of the After we have confirmed the new features of fast colli-
current layer is larger than the electron skin depth, whichsionless magnetic reconnection, we proceed to investigate
arises from the internal structure. This implies that the reconthe reconnection speed of the flux loops. The reconnection
nection rated¥/dt « D/L, should take a larger value than rate is defined by the amount of decrease in the poloidal flux
for the incompressible fluid limit where the layer thickness iscontained in either of the flux loopAW¥ during the time
much less than its width,D/L<1. Although the particle interval A from the onset; the interval includes the most
simulation does not allow us to assume ¥e/=0 condi- rapid phase of reconnection and is typicallyr=1.57,.
tion, we can roughly emulate such limit by increasing theThis definition is more reliable than reading off the maxi-
magnitude of the toroidal magnetic field. This makes sensenum of time variations or the peak electric field intensity,
since the origin of the asymmetry—the poloidal projection ofsince it can average out instantaneous fluctuations arising
the parallel motion of the electroneﬁ”z(Bp/Bt)vH, be-  from time-and-space non-smoothness in particle simulations.
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FIG. 10. The parametric dependences of the reconnection rd@® tve ion massg; =1, 2¢/ w,e), and(b) the ion Larmor radiusrfy /m.= 100, fixed. Also
in (a), the reconnection rates for the applied toroidal magnetic fiel,ef 0, 0.2 and for half the system size are plotted with squares angdttheymbol,
respectively.

Figure 1Qa) shows a dependence of the reconnectiorB. Compressible effects under weak magnetic field
rate on the ion inertia. In this series of the runs the mass ratio A dependence on the strength of the applied toroidal
(m;/me) IS varied keeping the electron mass f'X,E"d' Themagnetic field is another issue of interest. Both the electron
r_econne_ctlon rate b_ecomes a smoothly increasing fun_cénd ion dynamics is affected in this case, unlike the case
tion of ion mass without a sudden curvature change ifyaqcrined above in Sec. (X). The simulation results using

the wide range. The typical reconnection time of - ; ;
_ - . the full-kinetic version of the macro-particle code are plotted
1 -
[(_1/\P)d\1f/dt] STA. n .F'g' 1.0 IS ;horter than that ob for the magnetic field ratio oB;/B,=0 and 1 vertically
tained by the two-fluid simulation without thermal effects along the constant ion mass, /m,=100 in Fig. 1a). For
1 e . .

ES ec. It“(C)t];tan the I?lt'gerashg_rrp;]nse occutrs llz)n the rtgcort‘;]ef"mtermediate value of the toroidal magnetic field,
lon rate at the small ion massihe present observation tha Bi/Bp~1, the plasma flow is still asymmetric. But, the

Fhe currepttlﬁygr thlcknezs change]:s,ﬂtl)nl'ytsmo?trlly V:'th t.h lasma density in the current layer increases as a whole by
Increase in the lon mass because ot the internal Sructure 1s mpressional effect, unlike the localized compression of

line with the smooth increase in the reconnection rate. quadrupole shape in the large toroidal field cBséB_>1 in
A dependence on the ion Larmor radius is rather insen-SeC. l. An elongated high-density channel |ps formed
sitive when the radius is small compared to the ion skin nJ)/no~1.5. The ejected flow forms a widely-open expan—’
. . . 1/2 L= H . S ) .. . . . .
gegtsh’p\'/\;dw{ﬁ * t()m'/me.)t (clop tSC/‘;’ge for m; /me {nSion fan which is characteristic of the X-type reconnection.
- )- en the above criterion 1S not met by INCreasing ey, oconnection rat@enoted by the open squaiacreases
ion temperature for the fixed toroidal magnetic field, a dras-about 20% compared with the standard run
tic reduction of the reconnection rate takes places as ob- On the other hand. when the ambient téroidal magnetic
sec;yed |r]1 Flg.thl(b). T/he iji;())%ndence on the ion ILabrmor field is absent, the plasma flow becomes symmésee Fig.
ra/|us_ 18;/ e midmet; Lt Cafﬁ '? pallpe (b) ¢ 6 of Ref. 9. The magnetic neutral layer is highly compressed
(clwpi= wWpe) aN at for e o Ines O i, gensity, (ng)/ny~2.1. The reconnection rate further in-
pi=1—2clwye in panel(a) are well fitted with the decreas- creases as shown by the filled square in FigallOThe ex-

ing functionF of the ion Larmor radius divided by the ion perimental formula for the density of the current layer is
skin depth, given by

d‘I’/drzF(pi/(clwpi)x(mi/me)(l_V)/Z). (10) <ns>~n0(2+6)/(1+6)1 (11)

Here, the value of the exponentis=2.7 and theF(X) pro-  with the magnetic field ratie=B,/B,. From a simplified
file is given by Fig. 10b). The mass dependence in Bfi0)  model balancing the incoming and outgoing mass fluxes in

is F((m; /me)*~""). Thus we expect the ion Larmor radius the square box reconnection layer, the reconnection rate may
effect to occur atp;/(c/w,;)~10 for m;/m=1836. For pe scaled as,

large ion Larmor radius case, the ions are unmagnetized and

detached from the electron element; the ions do not follow  dw/dr xp AD/L~va{Ng)/Ng x\/@ (12

the EX B drift motion with which the electron poloidal mo-

tion is well described. An electrostatic effect may take a roleThe reconnection rate estimated using E@sl) and (12

in this case. Thus, one needs to formulate non-perturbativeoughly agrees with that due to plasma compressibility ob-
theory to analyze this nonlinear kinetic regime. served in Fig. 1(a).
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Finally, a run with half the system size is described toimpedes magnetic reconnection by acting a repulsive force
examine further the role of the electron inertthe electron on the incoming flux loops. The divergence of the plasma
thermal speed is also halved to keep the beta value constaftow, V-V # 0, is again essential in the development of the
for the fixed amount of current in the flux logp§he recon- largedetachedplasmoid. On the other hand, the criterion of
nection rate does increase as shown by (thé symbol in  avoiding the plasmoid formation, E¢Q), has been obtained
Fig. 10@). This is a significant level of increase since thein terms of the critical thermal speed.
lower electron temperature tends to suppress the reconnec- The plasmoid has also been observed if the spatial
tion rate as described in Sec.(B). It is concluded, there- movement of the electrons along the magnetic field is artifi-
fore, that the collisionless reconnection rate of the coaleseially discarded at the X-point while including its parallel
cence process is a function of both the ion and electrorurrent in an ordinary fashion. Thus the plasmoid appears
masses. This again confirms that both the bulk and thermathenever the parallel electron flow is stagnant or suppressed
motions of the electrons along the magnetic field play rolest the X-point. These are the strong evidences to reveal that

in collisionless magnetic reconnection. the parallel motion of the electrons along the magnetic field,
both bulk and thermal, is a key physics component in colli-
V. CONCLUSION sionless reconnection of the magnetic flux loops.

In this paper, it has been shown for the first time that The effect of the finite ion Larmor radius has been found

both the bulk and thermal motions of the electrons along thd rgduce_ the reconnection _r_ate dras_tically when it exce_eds
magnetic field play significant roles in collisionless recon—the ion skin depth. The em_plrlcal sgallng (.)f the rec_onnectlon
nection of the magnetic flux loops. Namely, the asymmetri({ate Eq.(10) has been obtained. This nonlinear regime needs

plasma flow and density variation are direct consequences & comprehe_nsive kinetic study including both electrostatic
divergence of the bulk electron motion along the ambien nd magnetic effects. On the other hand, the plasma com-

magnetic field. The plasma flow has been shown to be IOpressibility under the weak toroidal magnetic field has been
cally divergentV-V(® # 0 (s=ie), within the current layer shown to increase the reconnection rate, as given by Egs.

even in the presence of the toroidal magnetic field. The(.ll) and(12). This is a similar phenomenon as in the resis-
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