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Magnetic reconnection caused by turbulence in a current sheet is studied by means of numerical
simulations of fluid equations. It is found that turbulence produces long-wavelength magnetic
islands even if the current sheet is so thick that spontaneous magnetic reconnection does not occur.
Thus, turbulence modifies the threshold of magnetic island formation predicted by the conventional
theory of spontaneous magnetic reconnection in a current sheet. In spite of the fact that the
turbulence is driven by a short-wavelength instability due to a pressure gradient, the length of the
magnetic island is the same order as the system size. The width of the island is several times the ion
Larmor radius, and stronger turbulence causes wider magnetic islands. This suggests that the
turbulence can trigger neoclassical tearing modes, which are the main nonlinear instability that
limits the plasma pressure in magnetically confined plasmas. The long-wavelength magnetic island
is formed by merging of small-scale magnetic islands. © 2010 American Institute of Physics.

[doi:10.1063/1.3463435]

I. INTRODUCTION

Magnetic reconnection is thought to be a mechanism of
explosive phenomena in space plasmas, such as coronal mass
ejections and magnetospheric substorms and also a mecha-
nism of confinement degradation due to violation of mag-
netic surfaces in magnetically confined plasmas.l_3 These
magnetic reconnection phenomena cause magnetic islands or
plasmoids, and they can strongly affect the dynamics of a
plasma.'

Tearing instabilities are spontaneous magnetic reconnec-
tion that may occur in sheared magnetic configuration, such
as a current sheet and a rational surface in a magnetic
confinement.* The conventional theory based on resistive
magnetohydrodynamics (MHD) (Ref. 4) shows that the in-
stability is driven by the current density gradient of a current
sheet and is caused by resistivity. When a current sheet is
narrow, it is unstable for long-wavelength perturbation, and
magnetic islands appear. The theory shows that the stability
parameter of tearing instability A’ determines the instability
threshold* and thus the formation of magnetic islands.

Typical time scale of tearing instability depends on the
resistivity as 7>’ 54 and its strong dependence on the resistiv-
ity is similar to the time scale of reconnection described by
the Sweet-Parker model,™® which predicts the scaling of
7'?, where 7 is the plasma resistivity. Fast magnetic
reconnection,'” which is independent of or weakly depends
on the value of the resistivity, can be explained, for instance,
by the appearance of Hall region around the reconnection
point1’3’7_9 or by the appearance of turbulence. Turbulence
can arise around a current sheet, and its fluctuations can af-
fect magnetic reconnection.'* " Theoretical studies show an
anomalous magnetic flux diffusivity in Ohm’s law'' and the
increase of reconnection rate in the presence of a stochastic
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component of the magnetic field.'> Numerical simulations of
two-dimensional MHD suggest an enhancement of the mag-
netic reconnection by background turbulence'? and a weaker
dependence of reconnection on resistivity than the Sweet—
Parker scaling.20 In magnetically confined plasmas, small-
scale turbulence is driven by drift-wave instabilities,21 and
the turbulence can generate zonal flow and zonal magnetic
field.”” The zonal magnetic field can affect the stability of
tearing instabilities.”® Turbulence cannot only accelerate
magnetic reconnection, but it also could change the threshold
for magnetic island formation.

In this paper, in order to understand the effect of turbu-
lence on the threshold for magnetic island formation, we
investigate turbulence in a current sheet, which is so thick
that there is no spontaneous magnetic reconnection by nu-
merical simulations based on an MHD model and on a two-
fluid model. We will demonstrate that long-wavelength mag-
netic islands are produced by turbulence in a current sheet
even if the current sheet is so thick that the sheet is stable
against tearing instabilities. The magnetic island is produced
through energy transfer from small-scale turbulence. The
threshold for magnetic island formation is usually given by
the stability parameter of tearing instability; however, our
results imply that the turbulence changes the threshold for
magnetic island formation.

In our simulations turbulence is driven by short-
wavelength instabilities. In order to include the short-
wavelength instability we consider two models: one is a two-
dimensional MHD model including the interchange term; the
other is a two-dimensional reduced two-fluid model. These
two models describe typical short-wavelength instabilities.
The former describes generalized Rayleigh—Taylor instabili-
ties, and the latter describes drift-wave instabilities. Numeri-
cal simulations based on the two-fluid model show that tur-
bulence driven by drift-wave instabilities causes long-
wavelength islands. The length of the magnetic island is the
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same order as the system size. The width of the island is
several times the ion Larmor radius, and stronger turbulence
causes wider magnetic islands. The long-wavelength mag-
netic island is formed by merging of small-scale magnetic
islands. Numerical simulations based on the MHD model
show that long-wavelength magnetic islands are produced
through energy transfer from small-scale turbulence driven
by short-wavelength instability due to a pressure gradient.
The paper is organized as follows. Two-fluid simulation
results are shown in Sec. II. MHD simulation results are
presented in Sec. III. Finally, summary is given in Sec. IV.

Il. TWO-FLUID SIMULATION OF MAGNETIC ISLAND
FORMATION

In this section, we examine turbulence driven by a typi-
cal drift-wave instability, which is the ion temperature gradi-
ent instability, and its effect on magnetic island formation by
means of numerical simulations of a two-dimensional re-
duced set of two-fluid equations.

A. Simulation model

A reduced two-fluid plasma model is useful for the
analysis of instabilities in strongly magnetized plasmas such
as large aspect ratio magnetically confined plasmas with
strong guide field.”* The well-known reduced two-fluid
model®* assumes that the inverse aspect ratio of a plasma
column is small and that the guide field is much stronger
than the magnetic field generated by a plasma current paral-
lel to the guide field. Since the guide field is very strong, we
can assume as follows: the plasma beta is small, plasma mo-
tion is slower than the fast magnetic wave, and variation
along the guide field is smaller than variation normal to the
field (see Ref. 24 or Sec. 6.3 in Ref. 1). In addition, it is
assumed that the spatial variations of density and tempera-
ture are small.* In order to include ion temperature gradient
instabilities, ion temperature fluctuation is included by using
the Landau fluid closure,zsf27 while electron temperature
fluctuation is omitted. A reduced two-fluid model in two-
dimensional slab geometry is obtained by assuming that the
plasma is uniform along the strong guide field directed along
the z-axis. The reduced model contains shear-Alfvén waves,
sound waves, drift waves, and kinetic Alfvén waves. When
the two-fluid parameter, ion skin depth d;, is zero, the elec-
trostatic potential and the magnetic flux function obey the
reduced MHD equations. The reduced two-fluid model is
capable of describing nonlinear dynamics of tearing instabil-
ity and ion temperature gradient instability. The model con-
sists of the vorticity equation, the electron density equation,
the parallel velocity equation, the generalized Ohm’s law,
and the ion temperature equation,

J
<E+V~V)V2<I>=—B~Vj—d,ﬂv (Vg - VVD)

+ uVio, (1)

J 2
E+V-V n=-=B-Vu,+uVn, (2)
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d
(a_t+v'v>v=—ﬁB'VP+MV2vn’ (3)
ap
o = B VO+diBB-Vp.+nl, (4)

J
(E'FV‘V)TI:—(F—I)(B'VU+KLT1)+ILV2T1, (5)

where V'sz [(I),f], B 'sz_['!/’f]’ and vdi'vvfz_[vf’pi]
are written in terms of the Poisson bracket [f,g]=0d,fd,g
-d.gd\f, where V=(d,,d,) and B=Bje,—e XV, v=e,
XV®, and v =e X Vp, are the magnetic field, the EXB
flow velocity, and the ion diamagnetic velocity, respectively.
In these equations, @, i, n, J=—JZ=V2¢//, v, Vg=vy+diJ, T;,
T,, p/=nT,, p.=nT,, p=p;+p, are the electrostatic potential,
the magnetic flux function, the electron density,
the negative of current density, the parallel ion velocity,
the parallel electron velocity, the ion temperature, the
electron temperature, the ion pressure, the electron pressure,
and the total pressure, respectively, where ‘parallel”
means component along the guide magnetic field directed
along the z-axis, and the electron temperature consists
only of a given equilibrium part 7,=T,. The normalizations
are (tva/L,x/L,®/(BousL), ! (BoL),vy/v,nlng,TITy)
—(t,x,P,,v),n,T), where vy is the Alfvén speed. The pa-
rameters d;=v,/Q;=p;/ \ﬂ?&’, n, B, I'=5/3, and L are the ion
skin depth, the plasma resistivity, the plasma beta, the ratio
of specific heats, and the system size, respectively, where ();
is the ion cyclotron frequency and p; is the ion Larmor ra-
dius. The term including x;=\8T,,/ 7B,y V| is the linear
Landau damping term, which is obtained from the Hammett—
Perkins closure.”® In order to clearly capture linear instabili-
ties of the initial equilibrium, the field quantities are divided
into the initial equilibrium part and the rest, as f(x,y,r)
=feq(®) +f(x,y,7), and it is assumed that there are no
initial equilibrium E X B flow and no electron temperature
fluctuation so that =+ U, D=, n=neg+n, T;=Te+ T,
Te=Teq’
that ]7 can be the same order as f.,. The fluctuating compo-

Pi=neqleqt Tegit+neq Ty, and p,=ne Toq+ T, qit. Notice

nent f does not include k,=0 component except ¢ and ® so
that the pressure gradient remains and zonal flow and zonal
magnetic field are involved. In order to suppress high wave-
number perturbations the artificial dissipation term uV?2f is
added to each equation except in the Ohm’s law, where the
dissipation coefficient is w=107°. We numerically solve Egs.
(1)=(5). Numerical settings are as follows. The simulation
domain is rectangular in (x,y) plane and is periodic in the y
direction. Time advancement is yielded by the fourth-order
Runge—Kutta method. The Fourier decomposition is used in
the y direction as f:Ek‘ f(x,ky,t)exp(ikyy), and the x deriva-
tive is approximated by a finite-difference method. When
nonlinear terms are calculated, the pseudospectral method is
used in the y direction, and a finite-difference method is used
in the x direction. Notice that the nonlinear ion diamagnetic
term in the vorticity equation is neglected in our simulations
because of numerical difficulty caused by strong production
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of small-scale fluctuation, which is reported in Refs. 29 and
30. The simulation box size is (x,y)=(L,2L). In the x direc-
tion, 1024 uniform grids are employed, and 126 or 243 Fou-
rier modes are employed in the y direction. Parameters are
set to be 8=0.01, L/ p;=80, and 7=2.35X 107,

Magnetic field configuration in (x,y) plane is the Harris
current sheet, difq(x)/dx=tanh(x/L,). The magnetic shear
length L, of the Harris sheet is associated with the gradient
of current density and controls the strength of spontaneous
magnetic reconnection called tearing instability, and small
L, i.e., a thin current sheet, causes strong instability. The
uniform current density model difq4(x)/dx=x/L,, which rep-
resents an infinitely thick current sheet, is also used. This
profile has the neutral sheet at x=0 and is stable against

tearing instability. Following the MHD analysis,4 the stabil-

ity parameter of tearing instability A’ =(L/2)[d In §/dx]}* is

obtained by solving the linearized form of B-VJ=B-VV?y
=0. An equilibrium is stable (unstable) against tearing insta-
bility when A’ is negative (positive). In the following sub-
section, we consider the cases with A’=-0.76 and —2.4 for
the Harris sheet with L,=0.3125 and 0.5, respectively, and
the case with A’=-3.4 for the uniform current density pro-
file, where A’ is calculated for the longest wavelength in the
domain. It is confirmed that these profiles are stable against
tearing instabilities by numerically solving the linearized
version of Egs. (1)—(5), in spite of the fact that two-fluid
effects can affect tearing instability in the two-fluid model.

B. Magnetic islands caused by turbulence

We consider a plasma that is unstable against ion tem-
perature gradient instability, which is a drift-wave instability
and has short wavelengths characterized by the ion Larmor
radius.?' The ion temperature gradient instabilities drive tur-
bulence and cause anomalous heat transport in magnetically
confined plasmas such as tokamaks.?' The instability is
driven by an ion temperature gradient and is controlled by
the parameter 7,=L,/Ly, where Ly=—(d In T.,/dx)™" and
L,=—(d In ney/dx)™" are temperature gradient and density-
gradient lengths, respectively. Both density and temperature
gradients are assumed to be uniform, and L, is the same as
the system size, L,=L, in our simulations. The instability
grows up exponentially at first; then the energy of the insta-
bility spreads in the Fourier space via nonlinear mode cou-
pling. The instability also produces strong zonal flow, which
is the k,=0 mode, and the zonal flow then regulates the
amplitude of the turbulence by means of its shear,” and the
system reaches a quasi-steady state.

Figure 1 shows color map of electrostatic potential and
equicontours of magnetic flux for the Harris sheet with
L,/L=0.3125, A’=-0.76, and 7,=3.5. The stability param-
eter A’ is calculated for the longest wavelength mode, k=1,
where the wavenumber is given by k,=k/L. At =264, nar-
row magnetic islands appear at the neutral sheet, and elec-
trostatic potential profile exhibits turbulent fluctuations. At
t=1188, magnetic islands become large, and zonal flow,
which is uniform flow along the y-axis, appears. At the
quasi-steady state, =1848, we clearly see magnetic islands
appearing on the neutral sheet x=0. The length of the mag-
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FIG. 1. (Color online) Color map of electrostatic potential and equicontours
of magnetic flux that indicates long-wavelength magnetic islands even if
there is no spontaneous magnetic reconnection, A’ =-0.76.

netic island is much longer than the ion Larmor radius and is
the same order as the system size, and the width is several
times the ion Larmor radius p;/L=1/80. The shape of the
magnetic island is deformed and is different from that of
tearing instability because of turbulent fluctuations of the
magnetic field. Note that the magnetic islands propagate to-
ward the electron diamagnetic direction. Figure 2 shows en-
ergy spectrum of magnetic fluctuation. When the instability
grows up exponentially at t=66, the energy spectrum has a
peak. After 7= 130, the growth of instability is saturated and
the energy of the short-wavelength instability spreads over
the Fourier space via nonlinear mode coupling, and thus the
energy spectrum becomes broad so that the long-wavelength
modes are excited. Hence, the long-wavelength magnetic is-
lands are formed.

Figure 3 shows the magnetic island width as a function
of the stability parameter of tearing instability A’ for the case
7;=3.5, where the width is time-averaged in the quasi-steady
state. The stability parameter A’ is —2.4, —0.76, 0, 0.79, and
1.8 for the Harris sheet with L,=0.5, 0.3125, 0.275, 0.25, and
0.225, respectively, and the parameter A’ is —3.4 for the
uniform current density. The magnetic island width is several
times the ion Larmor radius even if the current sheet is
stable against tearing instability, A’ <0. Hence, turbulence
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FIG. 2. (Color online) Spectrum of magnetic energy for the case
A’=-0.76 and 7,;=3.5.

modifies the island formation threshold A’=0 given by the
conventional theory.4 Figure 4 shows the dependence of the
magnetic island width on the system size for the uniform
current density profile that is stable against tearing instabili-
ties, A’'=-3.4. The island width is about five times the ion
Larmor radius and does not depend on the system size.

Figure 5 shows time trace of the reconnected flux that is
the largest value of magnetic flux on the neutral sheet, x=0,
for each temperature gradient parameter 7; that indicates the
strength of the instability. When turbulence is strong,
n;=4.5, the reconnected flux grows rapidly, and then it at-
tains a large value and a quasi-steady state is formed. On the
other hand, when the instability is weak, 7,=2.5, the recon-
nected flux grows slowly, and it attains a small value after
which it gets saturated. Thus, stronger turbulence causes
faster reconnection and wider magnetic islands.

Figure 6 shows the dependence of the width on the tur-
bulence energy E*=3) 1 [|vy[2dx in the quasi-steady state
for the cases with A’=-3.4 and —2.4, where the width is
time-averaged in the quasi-steady state. Note that E* does not
include zonal flow component k=0. Squares refer to the

W/p,
T A N S

0 1 1 1 j 1
-4 -3 -2 -1 0 1 2
A’

FIG. 3. Magnetic island width W as a function of the stability parameter of
tearing instability A’.
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FIG. 4. Magnetic island width W as a function of the system size L for the
case A'=-3.4 and 7,=3.5.

width for the uniform current density model with A’=-3.4
and 7;=2.5, 3.5, and 4.5. Circles refer to the width for the
Harris current sheet with A’=-2.4 and 7,=2.5, 3.5, 4.5, and
5.5. The magnetic island width is large when turbulence is
strong, Wo (E*)®, where a=0.25.

We remark that the effect of zonal magnetic field, which
changes the initial equilibrium magnetic field, on tearing in-
stability is not responsible for the magnetic island formation
in our simulations. This is because we have magnetic islands,
which has the width W/p,;=6.5 for the case A’=-3.4 and
7;=3.5 even if the zonal magnetic field is eliminated by set-

ting ()=(Jy=0, where (f)=[fdy/L is the average over y.

C. Formation process of magnetic islands

We examine the process of magnetic island formation.
Figure 7 shows the time evolution of magnetic flux on the
neutral sheet, x=0, for the Harris sheet with A’ =-2.4, where
the red region represents positive flux and blue represents
negative flux, which represents the core parts of magnetic
islands around O-points. Initially, the color patterns show

10
9_
S 87
X7t
= 6
2 5t
o4
= st
g 2F
1_
0
0 100 200 300 400 500

FIG. 5. Time trace of the reconnected flux for each temperature gradient
parameter 7; for the case A’=-3.4.
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FIG. 6. Magnetic island width as a function of turbulence energy E™.
Squares show the width for A’=-3.4 and #,;=2.5, 3.5, and 4.5. Circles show
the width for A’=-2.4 and #7;=2.5, 3.5, 4.5, and 5.5. Solid line shows
WOC(E*)O'ZS_

wave structure characterized by the wavelength of ion tem-
perature gradient instability. After 7~ 200, large red and blue
regions appear, and this means that long-wavelength mag-
netic islands are formed. Figure 8 shows the time evolution
of the positions of X-points and O-points for the Harris sheet
with A’=-2.4. The red and black points represent X-points
and O-points, respectively. Initially, there are many X- and
O-points, and then some merge and disappear. In this pro-
cess, small-scale magnetic reconnection may play a role, as
described in Ref. 31. After the large red and blue regions
appear in Fig. 7, sometimes X-points and O-points appear
and disappear because the turbulent perturbation causes ran-
dom magnetic reconnection. Figures 7 and 8 also show the
propagation of magnetic islands. Initially, they propagate in
the negative y direction, which is the ion diamagnetic direc-
tion, because the ion temperature gradient instability propa-
gates in the ion diamagnetic direction. Then, after =200, the
magnetic islands propagate in the positive y direction, which
is the electron diamagnetic direction.

To understand the mechanism of long-wavelength island
formation described above, we examine the role of each term
in the generalized Ohm’s law Eq. (4). The long-wavelength
(k=1) component of the generalized Ohm’s law Eq. (4) on
the neutral sheet x=0 is considered,

300

—

0 ‘ 1 60 260 460
FIG. 7. (Color online) Time evolution of magnetic flux on the neutral sheet,
x=0, for the case 7,=3.5 and A’ =-2.4. Blue region represents the core parts

of magnetic islands around O-points.
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FIG. 8. (Color online) Time traces of X-points and O-points for the case
7;=3.5 and A’ =-2.4. Black points are O-points and red points are X-points.

=

VD) B T~ T

+diBV00 - Vil + 1), (6)

where subscript 1 stands for k=1 component. The left-hand
side of the equation represents the production of long-
wavelength (k=1) magnetic flux on the neutral sheet. The
first term in the right-hand side (V- V), =[®, ¢], represents
turbulent mixing by E X B flow, where V=e_ X V®. The sec-
ond term represents turbulent mixing by electron diamag-
netic flow (V,-Vi),=[p,,¢],, where ¥,=e,XVp, The
third and fourth terms represent the propagation due to zonal
flow, \70~sz/1, and the propagation due to the equilibrium
electron diamagnetic effect, i.e., w,, effect, respectively. The
last term, 777 1, 1s the resistive diffusion term. Notice that the
[dsl,zjxeq] and [p,;, ] terms vanish on the neutral sheet,
x=0. Figure 9 shows the time evolution of the absolute val-
ues of these terms for the Harris sheet with A’=-2.4. The
E X B turbulent flow mixing and the electron diamagnetic
turbulent flow mixing terms are comparable with the resis-
tive diffusion term. Hence, these turbulent flow mixing terms
play a role in producing long-wavelength magnetic islands.
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J _—
0.0012 [wg)] — -
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0.0006 | | | |
0.0004 | .{ ik | ‘ 'M W | WJ
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t

FIG. 9. (Color online) Time evolution of absolute value of each term in the
k=1 (long-wavelength) component of Ohm’s law on the neutral sheet for the
case 7,=3.5 and A'=-2.4.
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FIG. 10. (Color online) Color map of vorticity and equicontours of magnetic
flux that indicates long-wavelength magnetic islands even if there is no
spontaneous magnetic reconnection, A’'=-3.4.

lll. MHD SIMULATION OF MAGNETIC ISLAND
FORMATION

In this section, we demonstrate that turbulence caused by
short-wavelength MHD instability also produces long-
wavelength magnetic islands and show universality of the
island formation due to turbulence in a current sheet, which
is stable against spontaneous magnetic reconnection.

We carry out MHD simulations of turbulence driven by
short-wavelength instabilities due to a pressure gradient in a
current sheet that is stable against tearing instability. Our
two-dimensional MHD model consists of the vorticity equa-
tion, the Ohm’s law, and the pressure equation,

Jd

<E+V~V)V2®=—B~Vj—g[p]+VV4¢, 7)
Y

Lo _B-VD+ 8
P + 7 (8)
J 2

£+V-V p=v,Vp, 9)

where g[pl=kdp/dy is added in order to include the inter-
change instability (see Sec. 4.5 in Ref. 1). In these equations,
@, ¢, and p are the stream function, the magnetic flux func-
tion, and the pressure, respectively. Magnetic field configu-
ration is assumed to be a uniform current density model,
diq(x)/dx=x/L,, which represents an infinitely thick cur-
rent sheet. In the x direction, 1024 uniform grids are
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FIG. 11. (Color online) Spectrum of magnetic energy for the case
A'=-34.

employed, and 343 Fourier modes are employed in the y
direction. Parameters are set to be «=0.02, L,/L=3/4,
L,/L=1/5, p=235X107, »=1.X107%, and »,=4.5X107°,
where L, and L, are the pressure-gradient length and the
magnetic shear length, respectively. The stability parameter
of the uniform current density profile is negative, A’'=-3.4.
It is confirmed that the profile is stable against tearing insta-
bility by numerically solving the linearized version of
Egs. (7)-(9).

Here we show that long-wavelength magnetic islands are
produced by turbulence due to short-wavelength MHD insta-
bilities at the neutral sheet. A pressure gradient across the
neutral sheet causes the interchange instability, which is a
generalization of Rayleigh—Taylor instability. The instability
is controlled by the parameter «, i.e., the larger « is, the more
unstable equilibrium is. Initially, the instability grows up ex-
ponentially, and then a quasi-steady state is formed. Notice
that the instability does not cause magnetic reconnection dur-
ing the exponential growth.

Figure 10 shows color map of vorticity and equicontours
of magnetic flux in the region —L/4 =x=L/4. Small-scale
peaks of vorticity are merging, and small-scale magnetic is-
lands appear at rt=262. Then, peaks of vorticity continue to
merge, and magnetic islands grow at r=438. The magnetic
islands are twisted because of the interchange nature of the
instability. We clearly see long-wavelength magnetic islands
appearing on the neutral sheet x=0 at /=700 and 875 even if
there is no tearing instability. The length of the magnetic
island is the same order as the system size. The shape of the
magnetic island is different from that of tearing instability.
Figure 11 shows energy spectrum of magnetic fluctuations.
The energy spectrum has a peak during the exponential
growth of the instability at t=176. After the saturation of the
instability #>400, the energy of the instability spreads in the
Fourier space via nonlinear mode coupling, i.e., the energy
transfer from the typical scale of the instability excites both
long and short wavelengths Fourier modes, and thus energy
spectrum becomes broad.
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IV. SUMMARY AND DISCUSSION

We have found that turbulence driven by short-
wavelength instability causes magnetic reconnection and
produces long-wavelength magnetic islands in a current
sheet even when the sheet is so thick that there is no spon-
taneous magnetic reconnection. The long-wavelength mag-
netic islands are caused by the energy transfer from small-
scale turbulence. Two-fluid simulations showed that
turbulence driven by drift-wave instability produces long-
wavelength magnetic islands. The length of the island is the
same order as the system size, the island width is several
times the ion Larmor radius, and stronger turbulence causes
wider magnetic islands, Wec (E¥)?, where E* is the energy of
turbulence and a=0.25. The long-wavelength magnetic is-
lands are formed by the merging of small-scale magnetic
islands produced by magnetic reconnection driven by turbu-
lent fluctuations. MHD simulations showed that turbulence
driven by pressure-gradient instability causes long-
wavelength magnetic islands too, and thus the formation of
large magnetic islands does not depend on types of instabil-
ity, which drives turbulence. Notice that the effect of zonal
magnetic field is not responsible for the formation of the
long-wavelength island in our simulations. Our results sug-
gest a mechanism of long-wavelength magnetic islands for-
mation in a current sheet in addition to spontaneous and
driven magnetic reconnections. Long-wavelength magnetic
islands or plasmoids are directly produced by the energy
transfer from small-scale turbulence, even if there are no
spontaneous reconnection due to a macroscale current den-
sity gradient and no reconnection driven by macroscale ex-
ternal flow.

The results obtained by two-fluid simulations are criti-
cally important for experimental devices, such as tokamaks.
One of primary MHD activities that limit the plasma
pressure is neoclassical tearing mode (NTM). NTMs are
nonlinear instabilities, and they require finite size magnetic
islands, called seed islands, for overcoming a threshold of
destabilization.”* The typical width of seed island is evalu-
ated to be several times as large as the ion Larmor radius by
using experimental data.®® Thus, such turbulence driven
magnetic island can be the seed island for NTM. We have
also found that the magnetic islands propagate in the electron
diamagnetic direction. The propagation of the island is also
important for NTM destabilization because of polarization
current effects.

Phys. Plasmas 17, 072308 (2010)

ACKNOWLEDGMENTS

The authors would like to thank Dr. S. Hudson at PPPL
and Professor M. Skoric for their careful reading of this pa-
per. They also thank Professor R. Horiuchi and Professor H.
Sugama for their support.

'D. Biskamp, Magnetic Reconnection in Plasmas (Cambridge University
Press, Cambridge, 2000).

*J. F. Drake, Nature (London) 410, 525 (2001).

*M. Yamada, R. Kulsrud, and H. Ji, Rev. Mod. Phys. 82, 603 (2010).

“H. P. Furth, J. Killeen, and M. N. Rosenbluth, Phys. Fluids 6, 459 (1963).
SP. A. Sweet, in Electromagnetic Phenomena in Cosmical Physics, edited
by B. Lehnert (Cambridge University Press, Cambridge, 1958), p. 123.
SE. N. Parker, J. Geophys. Res. 62, 509, doi:10.1029/JZ062i004p00509

(1957).

7). Bimn, J. F. Drake, M. A. Shay, B. N. Rogers, R. E. Denton, M. Hesse, M.
Kuznetsova, Z. W. Ma, A. Bhattacharjee, A. Otto, and P. L. Pritchett, J.
Geophys. Res. 106, 3715, doi:10.1029/1999JA900449 (2001).

8R. Horiuchi, W. Pei, and T. Sato, Earth, Planets Space 53, 439 (2001).

9A. Tshizawa and R. Horiuchi, Phys. Rev. Lett. 95, 045003 (2005).

D, Biskamp and H. Welter, Phys. Lett. 96A, 25 (1983).

p H. Diamond, R. D. Hazeltine, Z. G. An, B. A. Carreras, and H. R.
Hicks, Phys. Fluids 27, 1449 (1984).

"2A. Lazarian and E. T. Vishniac, Astrophys. J. 517, 700 (1999).

3W. Matthaeus and S. Lamkin, Phys. Fluids 28, 303 (1985).

4W. Matthaeus and S. Lamkin, Phys. Fluids 29, 2513 (1986).

'SA. Zeiler, J. F. Drake, and B. N. Rogers, Phys. Rev. Lett. 84, 99 (2000).

16 -1. Ttoh, K. Ttoh, and M. Yagi, Phys. Rev. Lett. 91, 045003 (2003).

'7A. Thyagaraja, P. J. Knight, M. R. de Baar, G. M. D. Hogeweij, and E.
Min, Phys. Plasmas 12, 090907 (2005).

'8N. F. Loureiro, A. A. Schekochihin, and S. C. Cowley, Phys. Plasmas 14,
100703 (2007).

G. Lapenta, Phys. Rev. Lett. 100, 235001 (2008).

“N.F. Loureiro, D. A. Uzdensky, A. A. Schekochihin, S. C. Cowley, and T.
A. Yousef, Mon. Not. R. Astron. Soc. 399, L146 (2009).

2lw. Horton, Rev. Mod. Phys. 71, 735 (1999).

2P, H. Diamond, S.-I. Itoh, K. Itoh, and T. S. Hahm, Plasma Phys. Con-
trolled Fusion 47, R35 (2005).

R, Militello, M. Romanelli, R. J. Hastie, and N. F. Loureiro, Phys. Plasmas
16, 032101 (2009).

%R, D. Hazeltine, M. Kotschenreuther, and P. J. Morrison, Phys. Fluids 28,
2466 (1985).

7. N. Leboeuf, V. E. Lynch, B. A. Carreras, J. D. Alvarez, and L. Garcia,
Phys. Plasmas 7, 5013 (2000).

2%, Garbet, C. Bourdelle, G. T. Hoang, P. Maget, S. Benkadda, P. Beyer, C.
Figarella, I. Voitsekovitch, O. Agullo, and N. Bian, Phys. Plasmas 8, 2793
(2001).

27 A. Tshizawa and N. Nakajima, Phys. Plasmas 14, 040702 (2007).

G. W. Hammett and F. W. Perkins, Phys. Rev. Lett. 64, 3019 (1990).

M. Yagi, S. Yoshida, S.-I. Itoh, H. Naitou, H. Nagahara, J.-N. Leboeuf, K.
Itoh, T. Matsumoto, S. Tokuda, and M. Azumi, Nucl. Fusion 45, 900
(2005).

3B, Scott, Plasma Phys. Controlled Fusion 39, 471 (1997).

T, Tajima and K. Shibata, Plasma Astrophysics (Addison-Wesley, Read-
ing, MA, 1997), p. 242.

*2R. I. La Haye, Phys. Plasmas 13, 055501 (2006).

*R. J. La Haye and O. Sauter, Nucl. Fusion 38, 987 (1998).

Downloaded 14 Feb 2011 to 133.75.110.124. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1038/35069160
http://dx.doi.org/10.1103/RevModPhys.82.603
http://dx.doi.org/10.1063/1.1706761
http://dx.doi.org/10.1029/JZ062i004p00509
http://dx.doi.org/10.1029/1999JA900449
http://dx.doi.org/10.1029/1999JA900449
http://dx.doi.org/10.1103/PhysRevLett.95.045003
http://dx.doi.org/10.1063/1.864766
http://dx.doi.org/10.1086/307233
http://dx.doi.org/10.1063/1.865147
http://dx.doi.org/10.1063/1.866004
http://dx.doi.org/10.1103/PhysRevLett.84.99
http://dx.doi.org/10.1103/PhysRevLett.91.045003
http://dx.doi.org/10.1063/1.2034387
http://dx.doi.org/10.1063/1.2783986
http://dx.doi.org/10.1103/PhysRevLett.100.235001
http://dx.doi.org/10.1111/j.1745-3933.2009.00742.x
http://dx.doi.org/10.1103/RevModPhys.71.735
http://dx.doi.org/10.1088/0741-3335/47/5/R01
http://dx.doi.org/10.1088/0741-3335/47/5/R01
http://dx.doi.org/10.1063/1.3079077
http://dx.doi.org/10.1063/1.865255
http://dx.doi.org/10.1063/1.1323757
http://dx.doi.org/10.1063/1.1367320
http://dx.doi.org/10.1063/1.2716669
http://dx.doi.org/10.1103/PhysRevLett.64.3019
http://dx.doi.org/10.1088/0029-5515/45/8/018
http://dx.doi.org/10.1088/0741-3335/39/3/010
http://dx.doi.org/10.1063/1.2180747
http://dx.doi.org/10.1088/0029-5515/38/7/303

