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Abstract

Forced reconnection in a collisionless magnetized plasma is studied using an implicit
particle simulation. A coalescence of magnetic islands induces the electric field E; at
the x-point via the displacement current. A quasi-steady reconmnection is achieved
with E; # 0, the poloidal electric field £, generated by electrostatic shielding, and the
current J; continuously removed via the E, x B plasma convection. Transit acceleration
of electrons by unshielded parallel electric field Ey 2 E, at the x-point yields the Ohm’s

law E; 2 n,,J; with 1., the inertia (kinetic) resistivity.
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1. Introduction

Magnetic reconnection is believed to play an important role in changing topology
of magnetic field and rconverting its energy to plasma directed and thermal energies in
fusion and astrophysical plasmas. Global studies of magnetic reconnection are based
on the magnetohydrodynamic (MHD) equations which are combined with dissipation
of plasma current. However, an origin of anomalous dissipation that should arise from
non-Coulomb collisional processes has remained a key question of plasma physics for
many years.

An importance of electron inertia for the collisionless reconnection was noticed and
studied in the MHD framework® and in the kinetic viewpoint with electromagnetic fields
assumed?. Later studies focused on the internal m=1 kink and tearing modes where
they adopted the MHD (fluid} equations and the generalized Ohm’s law with electron
inertia current®=%. In these studies, however, the toroidal current became quite peaked
and non-zero resistivity was required to remove singularity at the x-point and split up
the magnetic field. Nonlinear growth of magnetic island was studied analytically”1°
and by particle simulations!!2. But, the full kinetic process of collisionless reconnec-
tion still remains unclear.

For elucidating the mechanism of colfisionless reconnection from a fundamental
kinetic viewpoint, we study in this Letter a coalescence of magnetic islands by means of
21D electromagnetic, implicit particle simulation (macro-particle, FIDENEK) code’?,
In this study, a plasma is magnetized by the toroidal magnetic field, as is the case with
high-temperature, non-resistive plasmas found in magnetic fusion devices'*'® and the
solar corona’®. The simulation is done in the magnetized ion regime; for the TFTR
parameters'® the ion gyroradius becomes p; = 4c¢/w,.. We use the electron inertia
length ¢/w,. as the unit of length. It is mentioned that coalescence of magnetic islands
leads to the forced (self-driven) reconnection without an external electric field, E,EO) =0.

This makes it easier to identify the generation mechanism of the toroidal electric field




in the diffusion layer.
An advantage of the implicit particle simulation’® compared with the conventional
ones is realization of large time-and-space scales, L > c/w,. and w7 > 1, including

electron dynamics. Maxwell equations with the displacement current,

OBfot = ¢cVxB—-4n], V-E = 4np, (1)

OB/ot

—cVxE, V-B = 0, (2)

are solved using time-decentering technique that filters out high frequency components
of the electromagnetic oscillations, where E and B are the electric and magnetic fields,

respectively. The Newton-Lorentz equations of motion without a collision term,

dx;/dt = v, (3)

dv,/dt = (ef/m;)[E+ (v,/c) x B], (4)

are solved for the positions x; and velocities v, of each particle ion. For the electrons,

the drift-kinetic equations,

dx, fdt = [vy;b+v], (5)

medvy, fdt = (—e)EBy— ;Y B (6)

are adopted, where v, v, are the parallel and perpendicular (guiding-center) ve-
locities, respectively, b the unit vector along the magnetic field, and y, the magnetic
moment. In order to have a good spatial resolution of the ”diffusion layer” which is
formed around z & %Lx, spatially-fixed uneven meshes are adopted in the z-direction.
Furthermore, to keep the particle fluctuations in a low level, one giant particle is split
into a few small particles with the {g,/m,) ratio fixed when it has entered the fine-mesh
region located around the center of the system. On the other hand, small particles once
split are not coalesced to the original size particles to avoid physics ambiguity in the

present study.



2. Simulation Results

To set up a simulation, a charge-reuntral plasma with the same number of ions
and electrons (64 ions/cell) is loaded homogeneously in a doubly-periodic Cartesian
system of two dimensions. The system size is L, = 400c/w,, and L, = 300¢/w,, with
320 x 72 cells. The grid interval is Az = 0.55¢/w,, for the central part (107 cells)
and Az = 1.6¢c/w,. for the rest, and Az = 4.1c/us, in the z-direction. The particle
velocities are generated according to the Boltzmann distribution of given temperatuzes.
The ions residing in two square areas are dufting initially at Vy;/c = 0.01 in the
positive y-direction to produce a pair of magnetic islands. All the electrons distributed
uniformly in the system are drifting at an equal velocity in the y-direction so that
there is mo net current. The physical parameters are the mass ratio m;/m, = 100, the
strength of the ambient toroidal (y-direction) magnetic field w{?/w,. = 1, electron beta
value f, = 8xnT,/B? = 0.04, and the temperature ratio 7;/T, = 1. The jon gyroradius
becomes p, & 2¢/wp., and the time step is chosen to be w, At = 50.

Figure 1 shows the poloidal magnetic flux function ¥ defined by B, = V x (¥3),
and the toroidal component of the ion current J!E,i) at t/f74 = 0, 1.6 and 3.1. Here,
the Alfven time is defined by 74 = %d/v Ap ™~ 3200&.:;&1 with d = 160c/wy. the initial
distance between the magnetic islands, and vy, = BO/(4nmn)!/? ~ 0.025¢. (The
Alfven time defined by the diffusion layer width is much shorter.) For ¢ > 0, the islands
get attracted by magnetic force and then squeezed at the contact surface to form an
elongated diffusion layer. As will be shown in Fig.2, the magnetic reconnection sets in
around t/74 = 1.4. By this time, the layer width has been narrowed to Ly & 3c/uwy.
(half-width) which is comparable to electron inertia length, as will be shown in Fig.4.

Occurrence of magnetic reconnection is detected by measuring the amount of iso-
lated poloidal magnetic flux that is contained in either of the islands. The number of
isolated ¥-contours stays the same for Fig.1(a) and (b), but it decreases between {b)

and (c). (The total poloidal magnetic flux is conserved within three percent.) The flux




merging slows down for ¢/74 > 4 and approximately a third of the initially isolated
flux remains unreconnected, which is consistent with partial reconnection of two flux
cores of the same sign helicities!”. The torcidal current of ions shown in Fig.I grad-
ually pinches off and its contours become more or less round-shaped in an early time
because the initial pressure profile is uniform. As the two islands collide, a substantial
amount of negative toroidal current is induced in the gap dividing the islands. The
toroidal current which is mostly carried by the electrons reaches a maximum around
t = 274. At this time, the negative current occupies the thin elongated (Y-shaped)
diffusion layer. But, the intensity and area of the negative current decreases gradually
as the flux merging proceeds.

The time histories of the toroidal current J, and the electric field E, measured at

o

r % 21, are shown in Fig.2 in logarithmic scales (the signs reversed). The toroidal
electric field directly relates to magnetic reconnection through the Faraday’s law. The
toroidal current and electric field are observed to grow exponentially with the growth
rate y74 ~ 2.6 and saturate around ¢t 2 274. Also, the time history of the isolated
poloidal magnetic flux is shown in a linear scale. The amount of the isolated flux AY¥
is defined as the difference between the peak flux in the magnetic island {averaged)
and that on the separatrix. The isolated flux stays neaily in the same level in the
early phase up to #/74 & 14. The flux decreases linearly in time for ¢/7, > 1.9
which corresponds to saturation of the toroidal electric field. The observed time-linear
flux annihilation in the main phase of reconnection coincides with nearly constant
toroidal electric field, (AW /dt)p, & —1.277" whereas the theoretical value becomes
dAV [dt = —~¢ <E,>% —1.377". The time linear flux annihilation is apparently the

Sweet-Parker type reconnection!®?

AV o t. Moreover, the early nonlinear stage
which was identified in the resistive MED studies”® is short (1.4 < ¢/74 < 1.9). Namely,
the full-nonlinear stage starts shortly following the onset of magnetic reconnection.

The two-dimensional snapshots of the electric and magnetic fields, and the ion and



electron currents at £/r4 = 1.6 are shown in Fig.3. The toroidal electric field in Fig.3(b)
takes a negative value in a wide region exactly between the two magnetic islands and
continues to cover the same region. It is noted that the spatial extent of the induced
toroidal current in Fig.3(d)(e) is much narrower than that of the E, electric field
{explained below}. The poloidal electric field displayed in Fig.3(a) is more intense than
its toroidal component. This electric field is stationary in time and has a divergence
which is better depicted in the electrostatic potential ¢ (E, = —Ve¢) of Fig.3(f).
Obviously, the charge redistribution has taken place in a quadrupole configuration in
the regions outside the diffusion layer; more negative charge accumulates in the first
and third quadrants with the origin at the x-point.

In a broad region between the magnetic islands, both a curl of the poloidal magnetic
field and the quantity that equals to the displacement current are observed to be
negative, (V x B), and (V x B}, — (4n/c)J, < 0 as shown in Fig.4(a) and (b),
respectively, until the saturation of the E, field. Next, a projection of the poloidal
electric field onto the helical magnetic field is seen to have a distinct positive profile
with a sharp nulil hole centered at z & %LI. The null hole exists because the poloidal
electric field vanishes due to symmetry in ¢ and because the magnetic field is nearly
perpendicular to the reconnection plane. Thirdly, the parallel component of the electric
field By = E b, — b- Ve is found to be small, By € E,, except in the diffusion layer
where b = B/B.

Thus, it is concluded that the toroidal electric field is induced via the displacement
current by imbalance of the magnetic field change and the toroidal plasma current.
Also, the quadrupole electrostatic potential is a result of the electron adjustment along
the magnetic field to shield the parallel electric field, Ey 2 0. This potential results
in the E, field laterally across the islands in Fig.3(a), and a more intense electric field
E, concentrated in the diffusion layer, pointing downward for z < %Lz and upward for

z> %Lz. Here, we note E,/E, 2 [,/l; > 1, as the diffusion layer is elongated, i.e.,




its width I less than its length [,. Thirdly, incompletely shielded parallel electric field
Ej in the diffusion layer produces the negative toroidal current by accelerating light
mass electrons, as shown in Fig.2. Thus, the toroidal current is confined to the narrow
diffusion layer.

The poloidal component of the plasma current, electric and magnetic fields in the
diffusion layer is shown in Fig.5. The ion flow is essentially the same with the ion current
(n; = const.). Theions flow in vertically almost along the equicontour of the potential ¢
toward the diffusion layer and are diverted to the lateral direction. A close comparison
of Fig.5(a) and (c) reveals that the ion flow is driven by the £ x B drift. In fact, the
observed outward velocity V, = 0.021¢ (~ v4,) coincides with Vg g ~ 0.022c estimated
by E, = —Vy. Although both the toroidal and poloidal electric fields contribute to the
plasma convection, the poloidal electric field is predominant, E x B 2 E, x B; since
E, > E; and B; > B,. The electron current in Fig.5(b) nearly cancels the ion current
in the poloidal plane in the present magnetized case. A slight asymmetric pattern in
the electron current, i.e. anti-parallel current penetrating through the diffusion layer,
is accounted for by the VB drift.

The toroidal current J, localized in the diffusion layer blocks the incoming plasma
and magnetic flux by repulsive force and could impede magnetic reconnection. How-
ever, the plasma particles carrying the J,-current are quickly removed from the diffusion
layer at the speed close to the Alfven speed. This is expected to maintain the quasi-
steady collisionless reconnection. To prove this point, a special run has been made
by artificially reducing the poloidal electric field (E,, E.) to 70% of its real value in
the diffusion layer, keeping all the other conditions being fixed. In this case, plasma
density is observed to pile up in the diffusion layer because the ions and electrons are
not efficiently pumped out by the E, x B drift. Actually, the reconnection rate still
scales linearly in time, but it is drastically suppressed compared with the value shown

in Fig.2, i.e., from (dAT¥/dt)/AT® ~ —0.2377" to ~0.0877".



In order to examine the role of the ions in the collisionless reconnection, other runs
have been made by changing either the mass ratio m;/m, = 50 ~ 200 or the ion
temperature T} /T, = % ~ 9. The ion gyroradius becomes p;/Lz 2 0.2 ~ 2. But, no
appreciable change in the width of the diffusion layer has been observed with the flux
reconnection rate scattered in the range (dA¥/dt)/ AT ~ —(0.23 — 0.27)757 . This
implies that the collisionless “forced” reconnection is governed by the electrons as far
as the ions are magnetized, as is different from the case where m=1 tearing mode plays

an essential role?.

3. Mechanism of Collisionless Reconnection

A close inspection of the simulation evidences may lead to the following mechanism
of forced reconnection in a collisionless magnetized plasma:
(1) When the magnetic field changes, the toroidal electric field E, arises only from the

displacement current as it is purely electromagnetic in the 2;—D geometry,
0E,/ot = ¢(VxB), — 4rJ, < 0. (7)

This non-MHD process directly induces the toroidal electric field at the x-point (the
sign is pertinent to the present geometry).

(i) The imbalance Eq.(7) in the initial stage, which becomes significant in the ¢/ Wpe
scales, is attributed to slow plasma response due to finite inertia against magnetic field
change. Later, a quasi-steady state with E, < 0 and V x B 2 (47/¢)J is maintained by
continuous removal of the J,-current being carried by the £, x B convecting particles.

(iii) With the toroidal electric field E,, magnetic reconnection is inevitable:
0B,/0t = —cV x (E,§)#0. (8)

In the poloidal magnetic flux, 0¥ /8 = —cE, > 0. This reduces strength of the

poloidal magnetic field and forces it to reconnect at the x-point.




A catalytic process in the main stage (ii) is: the parallel electric field By = E, at the
x-point produces the toroidal current J,. Outside the diffusion layer, the electrostatic

potential ¢, kence the poloidal electric field F,, is generated by electrostatic shielding,
Ey = Epb,—b-Vep=0. 9)

This field is directly responsible for the E, x B plasma convection and the removal of
the toroidal current. It is mentioned in passing that the present mechanism will also
apply to weakly magnetized plasmas with p; > Lp since the ions are playing little role,
as observed in the simulations.

Coexistence of the torcidal electric field and current in the diffusion layer, which has
been confirmed in the present study, supports that the collisionless dissipation in the
MHD description is provided by a transit acceleration of the *finite mass” electrons®.

Since Ej & E,, the torcidal current may be written as
Jt(e) = (—e)névge) & (ne/m.)Em,, (10)

where 7, is an electron transit time through the diffusion layer which is a function of
E, and is determined by a global plasma condition. Substitution of Eq.(10} into the

Ampere’s law yields the quasi-steady toroidal electric field,
By ¥ (ctu/Lp)By/(1+ wpery), (11)

where [y = (Olog B,/dz)~. With aid of the Faraday’s law, one gets the theoretical
width of the diffusion layer as

L = ol (12)

A similar result was heuristically obtained®. But, it is emphasized that the "kinetic”
inertia dv,/dt and Eq.(10) are more general than the dJj/dt term in the generalized

Ohm’s law that disappears and yields no dissipation right at the x-point. Therefore,



on the basis of evidences in particle simulation, we obtain the collisionless version of

the Ohm’s law
E & nJ; (13)

with the equivalent resistivity written as 7, = 4w wﬁe'rh. The reconnection time

becomes 7 ~ (L pwpe/c)?n, which is much shorter than the collisional time.

4. Summary and Conclusion

It has been shown using the implicit particle simulation method (macro-particle,
HIDENEK) that the quasi-steady magnetic reconnection is achieved in collisionless
magnetized plasmas. The non-MHD effects such as the displacement current and the
electrostatic shielding /unshielding due to parallel electron adjustment have been found
to play essential roles in maintaining the reconnection (toroidal) electric field at the
x-point. The magnetic flux annihilation has occurred linearly in time like the Sweet-
Parker type reconnection. The collisionless Ohm’s law with equivalent resistivity has
been proven to be provided by transit electron acceleration due to the electric field
which remains unshielded in the diffusion layer.

The present study has been done for the magnetized plasma where the toroidal
magnetic field is stronger than the poloidal magnetic field, B, < B,. A series of new
simulation has been started for the opposite case with B, > B, where the ions are
only weakly magnetized. In the new simulation, the electrons are time-advanced using
the Newton-Lorentz equations of motion, Eq.(3) and (4). It has been observed that
the toroidal electric field E, is induced in an early stage and maintained in a broad
region between the two magnetic islands, which is similar to the magnetized case.
Precise results of collisionless magnetic reconnection in the unmagnetized plasma will

be reparted in the near future.
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Finally, a coupling of the collisionless forced reconnection with internal m=1 tearing
mode and current-driven instabilities is an important problem to totally understand
the kinetic process of magnetic reconnection. The latter study requires a full three-

dimensional geometry which seems to be quite challenging.
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Figure Captions

FIG. 1. Snapshots of poloidal magnetic flux function ¥ (top), and the y-component

of ion current J{ (bottom) for the times ¢/74 = (a) 0, (b) 1.6 and (c) 3.1.

FIG. 2. Time histories of toroidal electric field (solid), toroidal current (dashed), and
isolated poloidal flux AV contained in either of the islands. The magnetic flux

function is normalized as e¥ /m,c%.

FIG. 3. (a)(b) Poloidal and toroidal electric fields, respectively, (c) poloidal magnetic
field, {d)(e) ion and electron currents, and (f) electrostatic potential ¢ at /74 = 1.6.
The maximum values are (a) 2.1 x 1072, (b) 1.9 x 1072, (c) 0.23, (d) 0.80, (e) 4.0, and

(f) 0.43. (The electromagnetic fields are normalized as e E /m,cw,,..)

FIG. 4. (a) Curl of the poloidal magnetic field (V x B),, and (b) the quantity that

equals to the displacement current, (V x B), — 47J, at ¢/74, = 0.63.

FIG. 5. Magnified plots of ion and electron currents in (a) and (b), electric and
magnetic fields in (c) and (d), respectively, for ¢/74 = 1.6. (vectors are plotted in

every other x-grid point).
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Figure 1.
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