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A three-dimensional particle-in-cell simulation in a large system demonstrates that a kink mode
significantly contributes to a fast reconnection by providing magnetic dissipation through anomalous
resistivity. The anomalous resistivity is generated due to the electron heating in the thin electron
current sheet. It is interesting that, although the kink mode broadens the width of the current sheet
and decreases the inertia resistivity, the anomalous resistivity compensates the depletion so as to keep a
high reconnection rate. The present result suggests that the electron dynamics in the electron diffusion
region is automatically adjusted so as to produce sufficient dissipation for the fast magnetic reconnection.
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1. Introduction
Magnetic reconnection is one of the key processes

playing an important role in space and laboratory
plasmas, by facilitating the fast conversion of energy
stored in a compressed magnetic field into plasma ki-
netic energy. Although the explosive energy release
associated with magnetospheric substorms and solar
flares is known to persist for a few minutes to a few
hours [1, 2], the magnetic dissipation mechanism sup-
porting the steady-state fast reconnection is not yet
established. The magnetic dissipation takes place in
a microscopic region, so-called the diffusion region,
where the ideal magnetohydrodynamic (MHD) con-
straints break down. In collisionless plasmas consist-
ing of electrons and ions, the electron diffusion re-
gion develops in the vicinity of the magntic X-line,
in which the electrons become unmagnetized so that
the electron dynamics makes a significant impact on
the magnetic dissipation. The electrons are strongly
accelerated due to the reconnection electric field in
the direction of the current density, and are ejected
from the electron diffusion region as a consequence of
the meandering/Speiser motion. Since the electrons
carry away the energy gained by the electric field, this
motion gives rise to the electrical resistivity, so-called
the inertia resistivity [3, 4]. The effect is reduced to
the gradient term of the electron pressure tensor P e

and the electron inertia term in the generalized Ohm’s
law [5]

−Ey =
1

nee
(∇ ·P e)y +

me

e

dVey

dt
, (1)

where V e is the electron bulk velocity.
In order for the electron inertia resistivity to be

large enough for the fast reconnection, the electron
diffusion region has to be compact so as to keep the
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electron transit time short. It has been suggested
that the compact electron diffusion region is guar-
anteed by a Hall effect invoked outside the electron
diffusion region [6]. However, recent two-dimensional
(2D) kinetic simulations in large or open-boundary
systems have pointed out that the electron diffusion
region does not remain compact and is elongated in
the outflow direction, which leads to a bottleneck for
the magnetic flux inflow and results in a drop in the re-
connection rate [7,8]. The elongated electron diffusion
region could be unstable in the current density direc-
tion, and anomalous resistivity due to wave-particle
interactions is expected to enhance the magnetic dis-
sipation in three-dimensional (3D) systems [8].

It has been known that cross-field kink modes
are easily driven in a thin current sheet due to the
cross-field ion flow, and can give rise to the magnetic
dissipation via anomalous resistivity [9–11]. Histor-
ically speaking, the kink mode has been recognized
as the drift kink instability (DKI) for low mass ratio
(mi/me � 25) [9, 10]. Although this instability re-
sults in a significant decrease in the growth rate for
high mass ratio (mi/me > 100) [12], the kink mode is
still alive as the ion-ion kink instability and the lin-
ear properties are essentially identical to the DKI [13].
Furthermore, the kink structure of the current sheet
has also been observed recently in the Earth’s mag-
netotail and is sometimes accompanied by magnetic
reconnection [14]. However, it is still an open ques-
tion how the kink modes affect magnetic reconnection
in 3D undriven systems.

In the present study, we examine 3D full kinetic
simulations in a large system, in which magnetic re-
connection evolves in association with a kink mode
propagating in the cross-field direction. It is demon-
strated that the kink mode provides a significant frac-
tion of dissipation through an anomalous resistivity
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in addition to the electron inertia resistivity, and en-
hances the reconnection rate so as to achieve the fast
reconnection.

2. Simulation Model
The simulations are performed using an electro-

magnetic particle-in-cell (PIC) code with the adap-
tive mesh refinement and particle splitting-coalescence
method [15]. We first consider a 3D system where the
boundaries are periodic in the x and y directions, and
conducting wall in the z direction. The simulations are
carried out using a Harris-type current sheet with the
magnetic field Bx(z) = −B0 tanh(z/L) and the num-
ber density n(z) = nps sech2(z/L) + nb tanh2(z/L),
where L is the half width of the current sheet. We
choose L = 0.5λi with λi the ion inertia length de-
fined by nps, and nb = 0.044nps. Although there
appears a weak pressure imbalance due to the back-
ground density profile, the equilibrium is quickly es-
tablished without any significant modification to the
current sheet structure. The system size is lx×ly×lz =
31λi×7.7λi×31λi, which is covered with the base level
cells of size ΔLB = 0.24λi. The cells can be subdivided
until the dynamic range level with ΔLD = 0.03λi. The
time step is Δtωci = 1.6 × 10−3 for all the cell levels
and particles, with ωci the ion cyclotron frequency de-
fined by B0. The other parameters are mi/me = 25,
c/VA = 10, Ti,ps/Te,ps = 5.0, Ti,lobe/Te,lobe = 1.0, and
Te,lobe/Te,ps = 1.0, where VA = B0/

√
μ0minps is the

Alfvén velocity.

3. Results
Magnetic reconnection is initiated with a small

perturbation to the magnetic field, which produces the
X-line along the current density at (x, z) = (lx/2, 0).
This setup allows the tearing instability to grow on
the same time scale as the kink mode. Note that the
purpose of the present study is not to investigate the
triggering mechanism of reconnection as discussed in
Horiuchi and Sato [10]. The reconnection rate evalu-
ated with −Ey at the initial X-line grows very slowly
until tωci � 5 as shown in Fig.1a (solid curve), then
one can see a sudden enhancement. This enhance-
ment is due to the activity of the electrostatic mode
of the lower hybrid drift instability (ES-LHDI), which
is driven by the diamagnetic current at the edge of the
current sheet, facilitating the onset of a fast reconnec-
tion [16]. However, the ES-LHDI quickly disappears
around the X-line, as the convection flow associated
with reconnection removes the plasma away from the
vicinity of the X-line, so that the density gradient is
significantly reduced. The subsequent mode arising in
the cross-field direction is a kink mode, and persists
until the end of the simulation. It is interesting to
note that the kink mode still survives even when the
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Fig. 1 (a) Time profiles of the reconnection electric field in
the 3D simulations for the cases with the kink mode
(solid curve) and without the kink mode (dashed
curve). Ey is normalized by the upstream values
and averaged over the initial X-line. (b) 3D struc-
ture of the kinked current sheet at tωci = 18. Color
contours represent the profile of the electron num-
ber density, and white solid curves are its isolines.

plasma sheet ions, which initially has a drift veloc-
ity, are completely replaced around the X-line by the
lobe ions with no initial drift velocity. This is because
the lobe ions are accelerated in the cross-field direc-
tion due to the reconnection electric field within the
ion-scale diffusion region and support the kink mode.
Thus, the kink mode can coexist with magnetic recon-
nection (Fig.1b). The kink mode deforms drastically
the structure of the current sheet and electron flow
around the electron diffusion region. Nevertheless, the
time profile of the reconnection electric field is almost
identical to the run without the kink mode, and a fast
magnetic reconnection with −Ey ∼ 0.1 normalized by
the upstream values is achieved. Here the run with-
out the kink mode is carried out in the system with
31λi×1.9λi×31λi, which allows the ES-LHDI to grow
but is not large enough for the kink mode.

In order to investigate the dissipation mechanism
responsible for the fast reconnection associated with
the kink mode, we introduce a new coordinate system
(x, y′, z′), where the y′ axis is parallel to the isoline of
Bx. We consider the y′ component of the generalized
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Fig. 2 (a) Results for the 3D simulation with the kink
mode at tωci = 18. The profiles shown are
taken through the X-line in the z′ direction of
the y′ component of the generalized Ohm’s law
averaged over the y′ direction. 〈−Ey′〉 is repre-
sented by black thick curve, (1/ 〈ne〉)(〈neV e〉 ×
〈B〉)y′ by red solid curve, (1/e 〈ne〉) 〈(∇′ ·P e)y′〉
by blue curve, (me/e 〈ne〉) 〈nedVey′/dt〉 by green
curve, (1/ 〈ne〉) 〈δneδEy′〉 by yellow curve, and sum
of the right-hand side of Eq.(2) by black light curve.
Red dashed curve presents the sum of the anoma-
lous resistivity ηan 〈jy′〉 and the right-hand side of
Eq.(2). ηan is deduced from the 2D simulation with
mi/me = 25 at tωci = 13. On the horizontal axis,
z averaged over the y′ direction is employed. (b)
Profiles of 〈Vey′〉 through the X-line in the z′ di-
rection for the 3D simulations with the kink mode
(solid curve) and without the kink mode (dashed
curve).

Ohm’s law averaged over the y′ axis

〈−Ey′〉 =
1
〈ne〉 (〈neV e〉 × 〈B〉)y′ +

1
e 〈ne〉 〈(∇

′ ·P e)y′〉

+
me

e 〈ne〉
〈

ne
dVey′

dt

〉
+

1
〈ne〉 〈δneδEy′〉 ,

(2)

where 〈·〉 = (1/ly)
∫ ly′
0 · dy′ represents the average over

the y′ axis with ly′ the path length along the integral
interval, ∇′ = (∂/∂x, ∂/∂y′, ∂/∂z′) is the nabla op-
erator in the new coordinate, and δ denotes the per-
turbed value. The profiles for each term in the z′ di-
rection are shown in Fig.2a. As is the case without the
kink mode [5], the electron pressure gradient term is
dominant at the X-line, that is, at 〈z〉 ≈ 0. However,
the amplitude is reduced compared to the case without
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Fig. 3 Time profiles of −Ey at the initial neutral sheet in
the 2D simulations for the cases of mi/me = 25 in
green, 100 in blue, and 400 in red. Ey is normalized
by the values at the initial lobe and is averaged over
the initial neutral sheet.

the kink mode. This is because the kink mode broad-
ens the current sheet, so that the peak of the electron
bulk velocity becomes lower than the case without the
kink mode (Fig.2b). Since the ∇ · P e term at the X-
line is produced due to the meandering/Speiser mo-
tion of the electrons and originates from the electron
inertia resistivity, the weaker electron acceleration re-
sults in the lower ∇·P e. Nevertheless, it is interesting
that the reconnection electric field at the X-line is still
large and a significant discrepancy arises between the
electric field and ∇ ·P e term.

In order to clarify the dissipation mechanism due
to the kink mode alone in a system where magnetic
reconnection is not incorporated, we next consider 2D
simulations in the yz plane which is orthogonal to the
magnetic field. In the 2D system, the particles accel-
erated in the current sheet are not easily ejected from
the acceleration region, so that the inertia resistivity
is excluded. The simulation parameters are the same
as those for the 3D simulations except for the mass ra-
tio. We examine three mass ratios: mi/me = 25 with
ΔLB = 0.24λi and c/VA = 10, mi/me = 100 with
ΔLB = 0.12λi and c/VA = 20, and mi/me = 400 with
ΔLB = 0.06λi and c/VA = 41. In each of the runs, the
kink mode evolves after the ES-LHDI saturates and
eventually a large-scale kink structure with the wave-
length λ = ly is formed. Fig.3 shows time evolutions
of the electric field −Ey at the initial neutral sheet,
which is equivalent to the rate of magnetic dissipation.
It is clear that magnetic dissipation is generated and
associated with the kink mode. The amplitude is al-
most independent of the mass ratio, which indicates
that the dissipation would persist even in the system
with the real mass ratio mi/me = 1836. The mag-
netic dissipation is produced through the anomalous
resistivity which is caused by plasma heating, espe-
cially electron heating, via a wave-particle interaction.
As the kink mode evolves, the electrons are strongly
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Fig. 4 Results for the 2D simulation with mi/me = 400.
(a) Snapshot at tωci = 20 of the electron tem-
perature in color contours and isolines for Bx in
white curves. Electron temperature is normalized
by the initial temperature. (b) Time profiles of
the Fourier amplitude of Ey averaged over the z
direction for the mode 1 (solid curve) and mode
6 (dashed curve). (c) Time profiles of j · E in
black curve and plasma heating rate ∂(nT )/∂t in
red curve, averaged over the entire system.

heated in the thin current sheet (Fig.4a). The elec-
trons are stochastically scattered and are effectively
heated at the corner of “small bumps” embedded in
the kink mode. The “small bumps” are generated due
to a hybrid-scale kink mode recognized as the current
sheet kink instability (CSKI) [11] or electromagnetic
LHDI (EM-LHDI) [17], and have a characteristic scale
k
√

λiλe ∼ 1 with λe the electron inertia length. The
large-scale kink mode also plays an important role in
enhancing the heating rate, because it increases the
total length of the thin current sheet. The evidence is
clearly shown in Fig.4b and Fig.4c. The hybrid-scale

kink mode with k
√

λiλe ≈ 1.1 (mode 6) grows signif-
icantly after the onset of the large-scale kink mode
(mode 1), coinciding with the plasma heating rate
∂(nT )/∂t, where nT = niTi + neTe is the total ther-
mal energy. This indicates that the hybrid-scale kink
mode is responsible for the plasma heating. In the 3D
simulation in Fig.1b, because of small mass ratio and
low plasma density, the expected scale of the hybrid-
scale kink mode is comparable with the system size
ly. Thus, the “small bumps” are not clearly seen in
the 3D run, instead, the electrons are scattered at the
corner of the large-scale kink structure itself.

In order to generate the electrical resistivity, the
bulk energy of the particles which are responsible for
the current density has to be removed from the system
due to some effective collision. Under a quasi-steady
condition, the energy gain of the fluid plasma should
be balanced with the energy loss due to the collisional
effects, so that

j ·E ∼ 1
2
nimiV

2
ic νi +

1
2
nemeV

2
ec νe, (3)

where j = e(niV i − neV e) is the current density,
νs the effective collision frequency of species s, and
V sc = 2V s the effective bulk velocity of species s just
before the collision. If the effective collision converts
the bulk energy to the thermal energy, the right-hand
side of Eq.(3) should be balanced with the time deriva-
tive of the thermal energy

j ·E ∼ ∂(nT )
∂t

. (4)

This relation is verified in Fig.4c, which demonstrates
that the energy gain of the plasma at each time is
balanced with the growth rate of the thermal energy.
Changes in the bulk energy for both the species are
negligible. Since the inertia resistivity is not effective
in the 2D system, the anomalous resistivity is sim-
ply written in the form ηan =

〈
−E

(2D)
y′

〉
/

〈
j
(2D)
y′

〉
.

We deduce the contribution of the anomalous resis-
tivity in the 3D system by adopting ηan in the 2D
system with mi/me = 25, which leads to the form〈−Ean

y′
〉

=
(〈

j
(3D)
y′

〉
/

〈
j
(2D)
y′

〉)〈
−E

(2D)
y′

〉
. In Fig.2a

(red dashed curve), the sum of
〈−Ean

y′
〉

and the right-
hand side of Eq.(2) is plotted in the vicinity of the X-
line. It is shown that the anomalous resistivity greatly
enhances the magnetic dissipation and makes a signif-
icant contribution for realizing the fast reconnection,
compensating the reduction in the inertia resistivity.

4. Conclusion
We have shown that a kink mode excited in the

cross-field direction significantly contributes to the
fast reconnection in 3D undriven system, providing
magnetic dissipation through the anomalous resistiv-
ity. The dissipation mechanism is very different from
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2D reconnection without the kink mode, where the
fast reconnection is supported by the inertia resistiv-
ity alone. The anomalous resistivity is produced by
the electron heating within the thin electron current
sheet. Such an electron heating due to electromag-
netic fluctuations is also observed in laboratory ex-
periment during fast reconnection [e.g., [18]]. It is in-
teresting that, although the kink mode broadens the
width of the current sheet and decreases the inertia
resistivity, the anomalous resistivity compensates the
depletion so as to keep the high reconnection rate. The
present result suggests that the electron dynamics in
the electron diffusion region is automatically adjusted
so as to produce sufficient dissipation for the fast re-
connection.
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