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Abstract

The mechanism of collisionless reconnection in magnetized plasmas is studied in
terms of coalescence of two flux tubes using implicit particle simulation. The motional
electric field resulting from magnetic attraction generates the non-MHD (magneto-
hydrodynamic), scalar electrical potential of a quadrupole configuration across the
x-point. This electric field transports the plasma and magnetic flux into and out of the
diffusion layer, and also accelerates the finite mass electrons to produce the current Jj
along the helical magnetic field. These processes provide equivalent dissipation which

makes magnetic reconnection possible in collisionless magnetized plasmas.
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The magnetic reconnection is believed to play an important role in changing topol-
ogy of magnetic field and converting its energy to plasma directed and thermal energies
in fusion and astrophysical plasmas. A global study of the magnetic reconnection is
usually done using magnetohydrodynamic (MHD) equations combined with dissipation
of plasma current. But, the origin of "collisionless” dissipation which needs to be much
larger than that of the classical Coulomb collision has remained a mystery of plasma

physics for many years.

Previous theoretical studies of magnetic reconnection in semi-collisional regime
started from a reduced set of equations where a generalized Ohm’s law with electron
inertia effect!? or hyper-resistivity® was assumed. To study nonlinear kinetic stages of
magnetic reconnection, electromagnetic particle simulations*® and an implicit particle
simulation® were carried out for unmagnetized or weakly magnetized plasmas. For
the purpose of elucidating the mechanism of collisionless reconnection in "magnetized”
plasmas, we show in this paper simulation results of coalescence of two flux tubes
by means of 2-D electromagnetic, implicit particle simulation code (HIDENEK) which

includes electron inertia effects’.

A special feature here is the presence of the toroidal magnetic field as is the case
with high-temperature, non-resistive plasmas found in magnetic fusion devices®® and

the solar coronal®

. We use the electron inertia length c¢/w,. as the unit of length,
which is expected to be the characteristic length of collisionless reconnection®?. For
the TFTR parameters®, i.e., n = 5x 10" Jem®, B = 4T and T; = 7keV, we have c/w,,, ~
7.5x10~%cm and the ion gyroradius p; ~ 0.31cm, hence, p,/(c/wy.) ~ 4. The simulation
is done in this parameter regime. Also, under the present geometry, the current-
carrying flux tubes attract each other which naturally leads to reconnection without

a driving electric field. Moreover, the reconnection electric field is orthogonal to the

convection electric field which facilitates identification of the reconnection mechanism.

A numerical advantage of the implicit particle simulation”!!

is realization of large
time-and-space scales, L > c/wp. and wpeT > 1. Full particle dynamics is kept for

ions, whereas the guiding-center drift formula is adopted to the perpendicular motion



of electrons. Along the magnetic field, by contrast, the electrons are treated as particles
with finite mass. A detailed description of the algorithm and mathematical-numerical
proofs of the implicit particle code HIDENEK are documented in Ref.7. In order to
have a better spatial resolution of the "diffusion layer” that is formed at the center

17, spatially-fixed uneven meshes are adopted in the z-direction.

of the system, z 2 2

Furthermore, to keep the particle fluctuations in a low level, one giant particle is split
into three small particles with the (g/m); ratio fixed when the giant particle has entered
the fine-mesh region. On the other hand, to avoid physics ambiguity, the particles once

split are not coalesced to one giant particle even when they leave the fine-mesh region.

To make a simulation, a charge-neutral plasma is initially set up in a doubly-periodic
Cartesian box of two dimensions. The system size is L, = 400c/wp., L, = 300c/wp.
with 160 x 72 cells. The grid interval is Az 2 1.1¢/w,, for the central part (53 cells) and
Az & 3.2¢/w,. for the rest. The mesh size in the z-direction is equal, Az & 4.1c/wp..
The same number of ions and electrons (64 ions/cell) are loaded homogeneously, and
their velocities are generated according to the Boltzman distribution functions. An
initial drift in the positive y-direction is given to the ions that reside in two square
areas to produce a pair of flux tubes. The electrons are drifting slowly at an equal
velocity to shield the magnetic field of the flux tubes from their images in the periodic
system. Physical parameters chosen are the mass ratio m,/m, = 100, the strength
of the toroidal (y-direction) magnetic field w{®/w,, = 1, electron beta value §, =
87nT./B? = 0.04, and the temperature ratio 7;/T, = 1. The ion gyroradius becomes

0i 2 2¢/wy., and the time step is chosen to be w, At = 50.

Figure 1 shows the poloidal magnetic flux function ¥ calculated by B, = V x (¥g)
and the y-component of the ton current J;, at the times t/74 =0, 1.6 and 3.1, where
Ta = 3dfvay ~ 3200w with d = 160c/wy. the initial distance of two flux tubes
and vy, = B®/(47rm,n)!/? ~ 0.025c. The isolated two flux tubes attract each other
with magnetic tension produced by their positive current J;,, and are squeezed at
their contact surface until magnetic reconnection sets in at /74 & 1.5. The magnetic

reconnection is detected by measuring the amount of isolated poloidal magnetic flux



which is contained in the flux tube. The initial number of isolated contours of the
magnetic flux function, five, decreases to two at ¢/74 = 3.1, as shown in the figure.
In the late stage, flux merging slows down and it becomes hard to find a well-defined
x-point at t/74 ~ 5; one flux tube has been absorbed by the other. The total poloidal
magnetic flux is nearly a conserved quantity, as is conserved within three percent during

the present simulation run.

The ion current shown in Fig.1 gradually pinches and its contours become rather
round-shaped because the initially given pressure profile is homogeneous. As the two
flux tubes collide, a negative current that divides the positive currents of the flux tubes
rapidly develops in the gap between them. The total amount of the negative current
reaches its maximum around ¢/74 & 1.5 and is dominated by the electron current J,,,
Le, Jo/Jy ~ 10. At this time, the negative current occupies the whole separatrix
region around the x-point. But, the area of the negative current shrinks drastically for
t/r4 > 2.2, and covers only a narrow region including the x-point. The negative gap

between the flux tubes is almost filled by ¢/74 & 3.

The time history of isolated magnetic flux is shown in Fig.2. The amount of the
isolated poloidal magnetic flux is measured by the difference of the peak value of the flux
function in the flux tubes (averaged) and that on the separatrix. For the early phase,
the amount of the isolated magnetic flux stays almost the same. Around i/74 2 1.5,
merging of the magnetic fluxes starts suddenly. This corresponds to the time when
two groups of the electrons that initially reside with the current-carrying ions first
collide at the x-point, trailing those ions behind. Also the width of the ”diffusion
layer” has become comparable to the electron inertia length as shown in Fig.3. Duriﬁg
the reconnection, the amount of the isolated fluxes decreases linearly in time. This is
apparently the Sweet-Parker type reconnection'®!® ¥ « ¢ (though the electric field
plays arole here). The magnetic reconnection continues until most of the flux contained

in the two flux tubes has merged owing to the presence of the toroidal magnetic field.

It is important to point out that the non-MHD electric field with divergence (V-E =

p # 0) plays a major role in the collisionless magnetic reconnection. The electric field,



the scalar potential and the ion current in the poloidal plane are displayed in Fig.3
for t/r4 & 1.6. A strong electric field, E,, has been generated laterally across the
flux tubes in association with convective motion of the flux tube plasmas toward the
x-potnt. The electric field becomes divergent because the area of the convective motion
is spatially limited to within the flux tubes. This is better understood in the electrical
potential ¢ of Fig.3(b) calculated by E, = —V¢. Obviously, the charge redistribution
has occurred in a quadrupole configuration in the regions apart from the x-point; the
positive charge accumulates in the second and fourth quadrants with the origin at the
x-point, while the electrons in the first and third quadrants. The x-point becomes a

saddle point of the potential; the poloidal electric field vanishes there.

As a conmsequence of the charge redistribution, an even stronger electric field, E;,
appears automatically in the gap between the two flux tubes, pointing to the downward
z-direction for z < %L, and to the upward direction for z > %Lz. It is noted that the
width of the *diffusion layer” I, is much smaller than its length I,, i.e., I, < I,, hence,
E, > E,. The ion current in the poloidal plane is shown in Fig.3(c). The ions flowing
vertically toward the x-point from top and bottom are diverted to the lateral direction.
The ion and electron currents nearly cancel each other in the poloidal plane. The
outward velocity observed for Fig.3 is V. /c = 0.022¢ (~ v4,), which coincides with
Vexg ~ 0.023¢ calculated by the measured electric field. Thus, the E, electric field is
strong enough to accelerate the incoming plasmas above the (poloidal) Alfven speed

and to remove them from the vicinity of the x-point.

Another important observation about the electric field is the ”reconnection” elec-
tric field E, (out of the plane component) that is induced in the ”diffusion layer” by
Faraday’s law. At the onset of the reconnection, the width of the diffusion layer has
become narrow compared with the MHD scales, I, < 5¢/w,., as shown in the magnified
plots of Fig.3(d)(e) (vectors are plotted in every other x-grid point). This electric field
is induced because the magnetic field tends to weaken as the reconnection proceeds.

This negative electric field then produces the aforementioned negative current which



is mostly carried by the electrons due to large mobility along the magnetic field.

It is emphasized that the induced current Jy in the x-point region, which flows in
the direction opposite to the flux tube current, blocks the incoming fiux tube plasmas
by repulsive force and impedes the magnetic reconnection. However, even if the sign
of the E, electric field (averaged over the diffusion layer) stays negative definite during
the magnetic reconnection, the electron current J,, in the same region does not change
in response to this electric field. In fact, if we use < E, > ~ 3 x 107*m.cw,./e and
T ~ 1.674 as a transit time, we should have J,; = n(e?/m,.) <E,> 7 ~ 9.8 x 10 which
is about 150 times the observed value. This strongly implies occurrence of another

process in the diffusion layer.

The current loss in the last paragraph is attributed to the non-MHD, poloidal
electric field via the following mechanisms. One is an ejection of both the ions and
elecirons by the E,z x Byg drift, and the other is a leakage of the accelerated electrons
along the helical magnetic field. As already shown, the ”diffusion layer” has become
narrow enough at the commencement of magnetic reconnection so that the poloidal
magnetic field becomes non-zero except for a thin layer through the x-point (Fig.3(e)).
During the same period, the electric field £, has been generated (Fig.3{d)). First,
the super-Alfvenic flow by the £ x B drift results from this electric field; the drift
points laterally outward when viewed from the x-point. Consequently, the J, current,
hence, the magnetic flux rapidly convects into and out of the diffusion layer. Secondly,
since By = (E-B)/B > 0 as found by comparing Fig.3(d) and (e), the electrons are
accelerated in the direction (anti-) parallel to the magnetic field to escape from the
diffusion layer. This acceleration, which is found to supercede the one estimated by

the E, electric field, contributes to 8.J;/8t > 0 in the diffusion layer (']I(IO) > 0).

The above statement is verified by tracing the particles in time. The marked par-
ticles that reside in a square region including the x-point at ¢/7, 22 0.9 deform to a
dumbbell (dual-fan) shape in Fig.4, i.e., more number of particles populates with a
distance from the x-point. Only a few marked particles are left in the vicinity of the

x-point. This reveals that the particles are divided into two groups split at the x-point,



and that each group of particles proceeds laterally to either the positive or negative
z-directions. On top of it, the electrons form two spiral arms that extend along the
helical magnetic field. Since the arms develop in a clockwise direction with time, they
consist of the electrons that have been accelerated to the negative y-direction by the
parallel electric field Ej; (> 0). Quantitatively, the plasma outward velocity is obtained
using the particles shown in Fig.4. The average velocity just before the onset of the
reconnection, 0.9 < /7,4 < 1.5, is measured fo be <V, > = 1.2 <V, >~ 0.012c for
the electrons, and <V,,> = 0.78 <V_,> > <V, >. It is again found that the elec-
trons move vertically as fast as they laterally do along the x-line. This is a remarkable
difference from the ions which move preferentially by the £ x B drift.

Thus far, the ion gyroradius was p; & 2cf/wp. (< I;) for thermal ions. Other runs’
have been made with changing the ion temperature by an order of magnitude such
that the ion gyroradius becomes p; & 0.6 ~ 6¢/wp.. But, no appreciable change has

been observed for the "magnetized” reconnection.

Theoretically, the collisionless dissipation of the x-point current required in mag-
netic reconnection may be understood in terms of the electron inertia. The electron
momentum equation, m.(dv./dt) = (—e)[E+(v./c) x B]—vm,V,, is ensemble-averaged

to yield

V. 4r dJeu
= —== 3, ==
E . xB + nlg + 7 1)

pe

where J. = <{—e)nv.>, V., = <v.> and 1 = 47v/w?,. This is the equation used in
the previous studies of weakly-collisional magnetic reconnection??. (But, Eq.(1) itself
does not generate the quadrupole electrical potential.) Within this framework, the
Faraday’s law for the poloidal magnetic field may be approximated by

B, 47 3.}3" .
atp =2 —eVx {@ (-315-_ + (ve 'V)Jell) y}1 (2)

in the diffusion layer of collisionless plasmas where 1 ~ 0. Since Ejj > 0 due to the
quadrupole electric field, the terms in parentheses of Eq.(2) becomes positive definite.

This results in ¥ /8¢ < 0 which is the right sign for the flux tubes (¥ < 0) to fill in



the diffusion layer between them. Thus, the parallel current due to the electron inertia

is considered to play a decisive role in collisionless magnetic reconnection.

When the direction of the flux tube current is reversed with respect to the toroidal
magnetic field, the excited poloidal electric field changes its sign. The plasma in the
diffusion layer is ejected again outward, and the electron leakage occurs in the anfi-
clockwise direction along the helical magnetic field (J!(IO} < 0, 8J/9t < 8). For the
reconnection in the magnetospheric neutral sheet, however, the toroidal magnetic field
is absent®>®. The convection electric field is E, in the present coordinate, and the charge
redistribution that takes place in the magnetized reconnection is not expected. But,
once the x-point region is charged negative, for example, by finite Larmor radius effect
of ions, the electrons can be pulled out along the magnetic field, though its dissipation

could be weaker?.

In summary, we have shown in this paper that the collisionless dissipation for
magnetic reconnection in magnetized plasmas is provided by linkage of the non-MHD,
quadrupole electric field that is generated by the magnetic attraction of the bounded
plasma, and resultant convection of plasma and magnetic flux by the £ x B drift
into and out of the diffusion layer and acceleration of the finite mass electrons along
the helical magnetic field. For the above mechanism to be in effect, the presence of
the toroidal magnetic field has been essential, as is the case with the magnetic island

collapse in tokamaks and merging of the current filaments in the solar corona.

The author gratefully acknowledges valuable discussions with Dr.J.U.Brackhill,
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Figure Captions

FIG. 1. Development of poloidal magnetic flux function ¥ (top), and the
y-component of ion current J;; (bottom) for the times t/74 = (a) 0, (b) 1.6 and (c)
3.1

FIG. 2. Time history of isclated poloidal flux AV contained in a flux tube. The

magnetic flux function is normalized as e¥ /m.c?.

FIG. 3. (a) Electric field, (b) electrical potential, and (c) ion current at t/74 = 1.6.
Panel (d) and (e} are magnified plots of the central (x-point) region for the electric
and magnetic fields, respectively. The electric and magnetic fields are normalized as

e E [m, cw,., and the maximum value is (d) 2.3 x 1072, and (e) 0.25.

FIG. 4. Particles occupying a square region at {/74 = 0.9 (panel(a)) develop to the

distribution for (b} ions and (¢) electrons at ¢/74 = 1.9.
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