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Nonlinear interaction between tearing modes (TM) and slab ion-temperature-gradient (ITG) modes is numerically
investigated by using a Landau fluid model. It is observed that the energy spectra with respect to wavenumbers become
broader during the transition phase from the ITG-dominated stage to TM-dominated stage. Accompanied with the fast
growth of the magnetic island, the frequency of TM/ITG with long/short wavelength fluctuations in the electron/ion dia-
magnetic direction decreases/increases respectively. The decrease of TM frequency is identified to result from the effect of
the profile flattening in the vicinity of the magnetic island, while the increase of the frequencies of ITG fluctuations is due
to the eigenmode transition of ITG induced by the large scale zonal flow and zonal current related to TM. Roles of zonal
current induced by the ITG fluctuations in the instability of TM are also analyzed. Finally, the electromagnetic transport
features in the vicinity of the magnetic island are discussed.
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1. Introduction
Macroscale magnetohydrodynamic (MHD) instabilities,

which can induce the global perturbations and thus distort the
equilibrium configuration, are dangerous for the steady-state
operation of the magnetically controlled fusion devices. Tear-
ing mode (TM), a typical resistive MHD instability, is fre-
quently observed to significantly degrade the plasma confine-
ment in the tokamak plasmas.[1–4] The onset of TMs, espe-
cially of the neo-classical TMs, can lead to the fast growth
of magnetic island chains by destroying the well-nested mag-
netic flux surfaces. Hence the TMs inevitably limit the achiev-
able plasma β or even result in the minor or major disruptions,
where β is the ratio of thermal pressure to magnetic pressure.

Microscale turbulence, believed to result in the anoma-
lous transports of particles, momentum, and heat in mag-
netic confinement fusion experiments, is another obstacle for
achieving high-performance fusion plasmas. For instance, it
has been widely recognized that the ion-scale thermal trans-
port is mainly contributed by the ion-temperature-gradient
(ITG) turbulence. There are plenty of evidences that the
plasma shear flow plays a critical role in regulating the
turbulence and reducing the transport level in the tokamak
plasmas.[5,6] Both theoretical and experimental studies show
that the formation of the internal and/or edge transport bar-

riers is directly related to the strong plasma shear flow.[7–14]

In particular, zonal flow (ZF), self-generated through a mod-
ulational or parametric instability of the Reynolds stress of
micro-turbulence, can also reduce the saturation amplitude of
the micro-turbulence.[15–30]

Usually, the wavelength of the macro-MHD instabilities
is approximate to the system size, while the micro-turbulence
is in the wavelength range of the Larmor radius which is much
smaller than the system size. Due to the difficulties in the
experimental diagnosis and the limitations of the computing
facilities, many researches only focus on the macro-MHD in-
stabilities or the micro-turbulence transports separately. In the
realistic plasmas of fusion devices, however, both the macro-
MHD instabilities and the micro-turbulence may coexist and
interact with each other.[31–46] On the one hand, the distortion
of the magnetic field line and/or the generation of the vortex
flow related to the macro-MHD instabilities can modify the
onset threshold of the micro-instability and then change the
relevant transport characterizations of micro-turbulence. For
instance, the parallel transport due to “tearing” magnetic flux
surfaces by the unstable TM can flatten the pressure profile,
and thus can decrease the drives of the interchange/ITG turbu-
lence as well as the corresponding turbulent transport. On the
other hand, anomalous diffusivity due to the micro-turbulence
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can change the linear growth rate and nonlinear characteriza-
tions of the macro-MHD instabilities. For instance, the onset
threshold, the growth rate, the mode frequency, and the satu-
ration amplitude of the TMs are all dependent on the strength
of the interchange or ITG turbulence.

Aiming to study the multi-scale interactions between ion-
scale ITG turbulence and macro-scale TMs, the static mag-
netic island[47–51] and/or vortex flow[52] related to the tear-
ing instabilities have been embedded in the ITG turbulence
by means of gyro-kinetic or Landau fluid simulations. By ne-
glecting the profile flattening effect of the magnetic island, it
is found that in the linear regime, the mode structure of ITG
is mainly localized near the O-point of the magnetic island
due to the geometrical coupling caused by the embedded long
wavelength magnetic perturbation of the islands.[47,48] How-
ever, once considering the flattening of the pressure profile
inside the island, the mode structure of ITG is enhanced at
the separatrix of the island but weakened at the O-point of the
island.[49] In a gyro-kinetic framework, modifications of the
equilibrium profile due to the small island were theoretically
analyzed by Wilson and Connor.[53] It is also indicated that
in the presence of island, the ITG mode structure is localized
along the island direction. Moreover, the effect of the electro-
static turbulence on magnetic islands has been numerically an-
alyzed by Waelbroeck et al.[54] Reduction of the propagation
velocity of the island due to the turbulence is found to desta-
bilize the thin islands but stabilize the islands whose width is
greater than a few times Larmor radius.

Recently, direct nonlinear multi-scale interactions be-
tween macro-MHD instabilities and micro-turbulence have
been investigated numerically. Li et al. found an oscillatory
ZF and a magnetic island seesaw phenomenon during the non-
linear interplay between TM and ITG by adopting a slab elec-
tromagnetic Landau-fluid model.[55,56] In a kind of art gyro-
kinetic framework, Hornsby et al. numerically found that the
turbulence intensity is much larger at the X-point than that at
the O-point of the islands.[57] Ishizawa and Nakajima stud-
ied the multi-scale interaction between micro-turbulence and
double TM in the reversed magnetic shear configuration by
means of a reduced two-fluid simulation.[58] Moreover, Ag-
ullo et al. carried out a two-dimensional simulation on the
characteristic of the magnetic islands driven by an interchange
turbulence.[59]

In this work, the nonlinear interplay between drift TM
and ITG modes is investigated by using an electromagnetic
Landau-fluid model in a sheared slab geometry. A typical tran-
sition from ITG dominated stage to TM dominated stage is nu-
merically observed. The spatiotemporal evolution characteris-
tics and the frequency chirp phenomenon during the transition
phase are systematically analyzed. Effects of zonal current in-
duced by the ITG fluctuations on the drift TM instability and

role of shear flow induced by TM in the eigenmode transi-
tion of ITG are both discussed. The electromagnetic transport
features in the vicinity of the magnetic island are presented
finally.

The remainder of this paper is organized as follows.
In Section 2, the modeling equations of an electromagnetic
Landau-fluid model are introduced. We present and analyze
the numerical results in Section 3. Then, the main results are
summarized and discussed in Section 4.

2. Modeling equations
A set of reduced electromagnetic Landau-fluid equations

in a sheared slab geometry is employed to study the multi-
scale nonlinear interplay between drift TM and ITG modes
in this work.[55,56] It includes the plasma density n, electro-
static potential φ , parallel component of magnetic vector po-
tential ψ , parallel ion velocity v||, and ion temperature Ti.
The quasi-neutral condition is used for the ions and electrons,
i.e., ne ' ni ' n. The electron temperature is assumed to be
Te0 = τTi0 with τ being a ratio of electron and ion initial tem-
peratures. The normalized equations can be written as

dtn = −∂yφ −∇||v||+∇|| j||+Dn∇
2
⊥n, (1)

dtU = (1+ηi)∂yU +∇|| j||+DU ∇
2
⊥U, (2)

β∂tψ = −∇||(φ −n)−β∂yψ−η j||+E0

+
√

πme/2mi
∣∣∇||∣∣(v||− j||), (3)

dtv|| = −2∇||n−∇||Ti−β (2+ηi)∂yψ +Dv∇
2
⊥v||, (4)

dtTi = −ηi∂yφ − 2
3

∇||v||−
2
3

√
8/π

∣∣∇||∣∣Ti +DT ∇
2
⊥Ti, (5)

with the operators dt = ∂t + 𝑒̂z×∇⊥φ ·∇⊥, ∇|| = 𝑏 ·∇, and
∇2
⊥ = ∂ 2

x + ∂ 2
y . In these equations, U = ∇2

⊥φ is the vorticity
and j|| =−∇2

⊥ψ is the plasma current density. Equation (2) is
derived from the Faraday’s law and Ohm’s law. The first term
of the right-hand side of this equation −∇||ϕ is related to the
𝐸×𝐵 drift. The second and third terms

∇||ñ−β∂yψ̃ = ∇||ñ−βLn [n0, ψ̃] =
(
∇̄||+ ∇̃||

)
ñ+ ∇̃||n0(x)

=
(
∇̄||+ ∇̃||

)
(ñ+n0(x)) = ∇||ntotal

are originally from the electron diamagnetic drift (here
∇̄||n0(x) = 0, since the initial magnetic field is along the y-
direction and the density is only a function of x). The den-
sity is normalized through Ln/ρi · n

n0(x=0) → n with L−1
n =

−d lnn0/dx being the typical length of the density gradient.
In this reduced model, the electron temperature is assumed to
be a constant, so the contribution of the electron temperature
gradient to the electron diamagnetic drift is neglected.

The Landau fluid equations employed in this work con-
tain the ion temperature equation with Hammett–Perkins
closure.[60] The electron Landau damping effect[61] is in-
cluded in the last term of Eq. (2). The source term E0 = η j||0
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in Eq. (3) is chosen to balance the diffusion of the initial
Ohm current. The initial magnetic field can be expressed as
𝐵0 = B0𝑒̂z − β 𝑒̂z ×∇⊥ψ0 = B0𝑒̂z + sλ arcsinh

( x
λ

)
𝑒̂y with

constant B0 along the z-direction. Here, the plasma beta
β = 2µ0n0Ti0/B2

0, s is the magnetic shear near the resonant
surface, and λ is the gradient length of the initial current
layer. In the slab geometry, the uniform gradient of den-
sity L−1

n = −d lnn0/dx = C is assumed. The parameter ηi =

∂ lnTi0/∂ lnni0, which measures the strength of the local ITG
mode, is also set to be a constant. The growth rate of tearing
mode is proportional to the plasma resistivity η . Dn, DU , Dν ,
and DT are the coefficients of the classical cross-field dissipa-
tions. Here, the normalizations are{

x
ρi
,

y
ρi
,

z
Ln

,
vtit
Ln

}
→{x,y,z, t} ,

Ln/ρi ·
{

eφ

Ti0
,

2ψ

βB0ρi
,

n
n0

,
v||
vti

,
Ti

Ti0

}
→
{

φ ,ψ,n,v||,Ti
}
,

where ρi = vti/ωci, vti =
√

T rs
0 /mi, ωci = eB0/mi.

The vorticity equation and the ion temperature equation
used in this work are originally from the Refs. [62] and [63].
The Hammett–Perkins closure[60] for the parallel heat flux
term and the cancellations that occur between the FLR mo-
mentum heat flows and the diamagnetic velocity fluxes have
been used in the modeling equations. In the electrostatic limit
with adiabatic electrons response, this model can be reduced
to the ion Landau fluid model in the shear slab geometry which
can be used to study the electrostatic ITG mode. On the other
hand, if the drift terms and Landau damping term are ne-
glected, the equations of vorticity and parallel component of
the magnetic vector potential become the conventional incom-
pressible 2-field MHD equations which have been widely used
to study the resistive tearing modes.

By applying the periodic boundary conditions in the y di-
rections, the perturbed fields can be Fourier-transformed as

f̃ (x,y, t) =
1
2 ∑m f̃m (x, t)exp(i2πmy/Ly)+ c.c.

In a shear slab geometry, the zero-boundary condition is used
in the x direction for fluctuations with ky 6= 0, i.e., the perturbed
fields are set to be zero at the boundary except for the zonal
components. The zonal components at the x boundary are set
to satisfy the free boundary condition, i.e., ∂x f̃ky=0 (x, t) = 0, to
keep the profile relaxation in the nonlinear simulation. Then,
equations (1)–(5) can be solved by an initial value problem
(IVP) code in the simulation domain of Lx = 60ρi and Ly =

40πρi. Two-step predictor–corrector method, finite difference
method, and pseudo-spectral method are used in the time ad-
vancement, the x and y directions, respectively. The grid num-
ber in the x direction is set as Nx = 1024. The spectral method
used in the y direction can easily help us to analyze the mode
coupling process between multi-scale interactions. In the non-
linear simulation, the initial perturbations f̃ky (x) for all the ky

modes are set to be random functions with small amplitudes.
The nonlinear simulations are performed by setting the param-
eters s= 0.2, λ = 2.5, ηi = 1.5, β = 0.01, η = 1.1×10−4, and
Dn = DU = Dv = DT = D = 1×10−2 for simplicity.

Based on the linear eigenmode analysis for these param-
eters, the TM is found to be unstable for the fundamental har-
monic wave with wave number ρikm=1

y = 2πρi/Ly = 0.05, lin-
ear growth rate γm=1

kyρi=0.05 ≈ 9.0× 10−3, and mode frequency
ωm=1

kyρi=0.05 ≈ 4.25× 10−3 normalized by the electron diamag-
netic drift frequency. The maximum harmonic mmax is se-
lected to ensure that ky ∈ [2π/Ly,2πmmax/Ly] can cover all the
typical unstable ITG modes. The linear growth rate and mode
frequency of the dominant unstable ITG mode are γ

m=10,l=1
kyρi=0.5 ≈

3.05× 10−2 and ω
m=10,l=1
kyρi=0.5 ≈ −0.277 in the ion diamagnetic

drift direction. Here, l corresponds to the radial eigen-function
of ITG mode φ̂ (l)(x), which is expressed by the l-th Hermite
function.[62,64] Since the linear growth rate of the dominant
ITG mode is larger than that of the tearing mode, the tearing
mode can grow up after the ITG mode is saturated. Note that
the ITG modes with other l are also unstable but they have
relatively smaller growth rates and different frequencies. For
instance, the linear growth rate and mode frequency of the ITG
mode with kyρi = 0.5 and l = 0 are γ

m=10,l=0
kyρi=0.5 ≈ 2.96× 10−2

and ω
m=10,l=0
kyρi=0.5 ≈ −0.126. Moreover, in the relatively large

magnetic shear regime, the ITG-threshold is higher for the
higher radial eigenmode number l, which is consistent with the
gyrokinetic prediction in a sheared slab geometry.[65] How-
ever, in the weak magnetic shear regime, the dominating un-
stable ITG mode is usually the mode with higher l.[66]

Since the electromagnetic Landau-fluid equations used
here do not include the toroidal effect and kinetic effect except
for a fluid closure approximation of Landau damping. Thus,
this reduced fluid model could not quantitively give the exact
transport level.[67,68] This work mainly focuses on the basic
nonlinear multiscale interaction between the macroscale tear-
ing modes with dominating wavenumber kyρi = 0.05 and short
wavelength slab ITG modes with dominating wavenumber
kyρi = 0.5. The curvature effect in the toroidal geometry[69,70]

is not considered in this shear slab model. Thus, the reduced
model adopted in this work somewhat limits the application
of the results to the curvature-driven interchange modes in the
high confinement discharges. More exact kinetic descriptions
in the toroidal geometry need further investigation.

3. Numerical results
In this section, the nonlinear interaction between drift

TMs and ITG modes is numerically investigated. Firstly, the
nonlinear features of wavenumber spectra and frequency spec-
tra of typical TM and ITG modes are given and analyzed. The
physical mechanism of the frequency chirping during the tran-
sition from the ITG-dominated stage to TM-dominated stage
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is identified. Secondly, the roles of zonal flow and zonal cur-
rent in the multiscale interaction between drift TMs and ITG
modes are studied. Finally, the electromagnetic transport fea-
tures around the magnetic island are discussed.

3.1. Typical features of the drift tearing mode in the ITG
turbulence

Aiming to investigate the nonlinear evolution of drift TM
in the ITG turbulence, the linear growth rate of the domi-
nating ITG mode is set to be larger than that of the tear-
ing mode by adjusting the initial profiles and parameters in
the modeling equations (1)–(5). The linear growth rates of
the dominantly unstable tearing mode with kyρi = 0.05 and
ITG mode with kyρi = 0.5 are γm=1

kyρi=0.05 ≈ 9.0× 10−3 and

γ
m=10,l=1
kyρi=0.5 ≈ 3.05×10−2, respectively, as stated in Section 2.

Time evolutions of the magnetic and kinetic energies for
the zonal component with kyρi = 0, the long wavelength mode
with kyρi = 0.05, and the short wavelength mode with kyρi =

0.5 are presented in Figs. 1(a) and 1(b), respectively. In the
linear phase t < 1× 103, the ITG modes grow exponentially.
It is worth noting that the linear growth rate of ITG mode with
kyρi = 0.5 and l = 0 is γ

m=10,l=0
kyρi=0.5 ≈ 2.96×10−2, which is a lit-

tle smaller than that of the dominant unstable l = 1 ITG mode
but much larger than those of other higher l > 2 ITG modes,
i.e., γ

m=10,l>2
kyρi=0.5 � γ

m=10,l=0
kyρi=0.5 6 γ

m=10,l=1
kyρi=0.5 ≈ 3.05×10−2. Thus,

both l = 0 and l = 1 ITG modes can coexist in the early lin-
ear growth phase. This can be verified by comparing the nor-
malized kx spectra of ϕ̃(t) with kyρi = 0.5 and the eigenfunc-
tions φ̂ (l)(x) for different l. As shown in Fig. 2(b), an oscilla-

tion behavior can be observed for the normalized kx spectra of
ϕ̃(t < 800) during the linear growth phase. The corresponding
feature is consistent with the coexistent state of the l = 0 and
l = 1 ITG eigenmodes, according to the normalized kx spec-
tra of the l = 0 and l = 1 linear ITG eigenmodes shown in
Fig. 2(c). However, after the zonal flow generated by the ITG
fluctuations exceeds a certain level, the cascading effect due
to the zonal flow is clearly observed during 800 < t < 1000.
Then, the short wavelength ITG fluctuations become saturate
in the following phase 1000 < t < 9000. In this phase, as
shown in Fig. 2(a), the l = 0 ITG fluctuation with even par-
ity is suppressed. While the l = 1 ITG mode with odd parity
survives and becomes the dominant one.

Although the growth rate of the long wavelength TM is
relatively smaller than that of the dominating ITG modes, the
saturation amplitude of macro-TM is larger than that of ITG
modes. Thus, a transition phase from the ITG-dominated stage
to TM-dominated stage is clearly observed in the time inter-
val 9× 103 < t < 1.1× 104. During this transition phase, the
magnetic energy with kyρi = 0.05 grows abruptly, accompa-
nied with the formation of the magnetic island. It is found
that the ky spectra of both kinetic and magnetic energies be-
come broader after the transition, as shown in Figs. 1(c) and
1(d). Moreover, it should be noted that the zonal field in
Fig. 1(d), which is generated by the electromagnetic ITG fluc-
tuations, can weaken the magnetic shear near the resonant sur-
face. Roles of the zonal current related to the zonal field in
the nonlinear interaction process will be discussed in the next
section.
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Time evolutions of the frequency spectra for TM with
kyρi = 0.05 and ITG mode with kyρi = 0.5 are given in Fig. 3.
The eigen-frequencies of TM and ITG modes obtained by
an eigenvalue problem solver are also indicated in Figs. 3(a)
and 3(b) with dash-dot lines. The frequencies of TM and
ITG modes, normalized by the electron diamagnetic drift fre-
quency, are positive and negative, respectively. During the
transition phase, the generation of the magnetic island pro-
vides a short cut for the particle and energy transport, which
results in the flattening of the plasma profile. Therefore, the
electron diamagnetic frequency decreases near the island re-
gion. Then the rotation of TM gradually slows down during
the transition phase, as shown in Fig. 3(a). At the same time,
the frequency chirping of the ITG modes is also observed, as
shown in Fig. 3(b).
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It is noted that before the transition, the fluctuations in-
duced by the ITG modes are relatively small compared to fluc-
tuations in the tearing mode dominated stage. Thus, the am-
plitude of the shear rate of the zonal flow is relatively weak,
as shown in Fig. 4. The frequency of the tearing modes only
weakly deviates from the electron diamagnetic drift before the
transition, as shown in Fig. 3. During the transition, the zonal
flow grows very fast near t = 0.95×104, accompanying with
the fast growth of the magnetic island. The electron diamag-
netic drift flow also decreases very fast due to the flattened
profile near the island region. Time evolution of the zonal
flow and electron diamagnetic drift flow is given in Fig. 5. It
is inferred that the fast frequency sweeping down in Fig. 3(a)
is mainly because of the combination effect of the zonal flow
and electron diamagnetic drift.
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Near t = 1400, “predator–prey” behavior of the zonal
flow and ITG fluctuations occurs. In the initial stage, the un-
stable ITG modes grow exponentially, which drives the growth
of the zonal flow, as indicated in Fig. 5. When the zonal flow
generated by the ITG fluctuations exceeds a certain level, the
ITG fluctuations decrease due to the shear rate of the zonal
flow. Then, the drive term of zonal flow becomes weak. The
viscosity leads to the damping of the zonal flow. This pro-
cess can be clearly observed in the phase-relation between ITG
fluctuations and zonal flow shown in Fig. 6. Moreover, it is
found that the shear of ZF near x = 0 is oscillating during the
ITG dominated stage, as shown in Fig. 4. This is mainly be-
cause of the nonlinear coupling effect between the ITG modes
with odd and even parities.
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The increase of the frequencies of ITG fluctuations is
mainly because of the eigenmode transition. This can be
verified by the mode structure variation during the transition
phase. As shown in Fig. 7, in the transition phase, the ampli-
tude of the odd parity ITG mode with l = 1 decreases, while
the even parity ITG modes with l > 2 grow up. Since the eigen
frequency of the ITG mode increases with the radial wavenum-
ber, the eigenmode transition from the l = 1 odd ITG mode to
l > 2 even ITG modes directly leads to the frequency chirping
shown in Fig. 3(b). The underlying mechanism is similar to
the mode transition of the multiple eigenmodes of the toroidal

ITG instabilities, which were observed in the very recent gy-
rokinetic simulations.[71,72]
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Moreover, the two sweeping-down belts around ω ≈ 0
and ω ≈−0.05 in Fig. 3(b) are originally from the mode cou-
pling effect between the tearing modes and ITG modes. As
shown in Fig. 8(a), the mode frequency of the second har-
monic tearing mode with km=2

y ρi = 0.1 is around ω
m=2,TM
kyρi=0.1 ≈

0.07 in the electron diamagnetic drift direction. While, the
ITG mode with kl=0

ky
ρi = 0.4 is around ω

m=8,l=0
kyρi=0.4 ≈ −0.07

in the ion diamagnetic drift direction, as shown in Fig. 8(b).
Thus, the sweeping-down belt before the transition around
ω ≈ 0 is originally from the mode coupling between the tear-
ing mode with km=2

y ρi = 0.1 and ITG mode with kl=0
ky

ρi = 0.4,

i.e., ω
m=2,TM
kyρi=0.1 +ω

m=8,l=0
kyρi=0.4 ≈ 0.
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Similarly, the sweeping-down belt before the transition
around ω ≈ −0.05 in Fig. 3(b) is originally from the mode
coupling between the tearing mode with kyρi = 0.05 and ITG
mode with kl=0

ky
ρi = 0.45. As shown in Fig. 3(a), the frequency

of the tearing mode with kyρi = 0.05 is around ω
m=1,TM
kyρi=0.05 ≈

0.04. The ITG mode with kl=0
ky

ρi = 0.45 is around ω
m=9,l=0
kyρi=0.45 ≈

−0.09, as shown in Fig. 8(c). Thus, ω
m=1,TM
kyρi=0.05 +ω

m=9,l=0
kyρi=0.45 ≈

−0.05.

3.2. Dynamics of the zonal flow and zonal current during
the transition

The change of the zonal flow and current profile from
the ITG dominated stage to TM dominated stage can help to
understand the eigenmode transition from the l = 1 odd ITG
mode to l > 2 even ITG modes. According to the time history
of the zonal flow and current profiles presented in Fig. 9, the
amplitudes of the zonal flow and its shear rate become large
during the transition phase. The zonal flow in the TM domi-
nated stage is broader than the zonal flow driven by the ITG
fluctuations. The shear rate of the zonal flow profile during
the transition phase is plotted in Fig. 7(c). It is found that
the two peak points of the ITG fluctuation with odd parity are
just located in the large shear region of the zonal flow. Thus,
it can be inferred that the increase of the zonal flow due to
the tearing activity leads to the suppression of the l = 1 ITG
mode. However, as shown in Fig. 7(b), the l > 2 ITG modes
are excited due to the collapse of the current profile by the
macro-TM instability. Before the transition, the zonal current
generated from the ITG fluctuations is localized near the res-
onant surface. Because the direction of the zonal current in-
duced by the ITG fluctuations is opposite to that of the initial
current, the total current density decreases near the resonant
surface. Thus, it is observed that a cave of the current den-
sity is formed at x = 0, as shown in Fig. 9 and the inset of
Fig. 10 with blue dash-dot line. Therefore, the magnetic shear
s =

〈
∂xBy

〉
= 〈Jz〉 decreases near the resonant surface. It is

found that the current density or the magnetic shear decreases
nearly 6.5% in the ITG-dominated stage. However, during the
transition phase, the fast growth of the tearing mode leads to
the current profile collapse. The current density or magnetic
shear decreases almost 45% of the initial current density or
magnetic shear during the transition phase. As shown in the
inset of Fig. 10 with green dot line, the current profile be-
comes flat in the TM-dominated stage, which can excite the
ITG mode with higher l and higher frequency in the ion dia-
magnetic direction. The enhancement of the broader spectra
near t = 9500 shown in Figs. 1 and 2 also verifies the desta-
bilization of the ITG modes with different l. Moreover, as
stated above, the l = 1 ITG fluctuation can be suppressed ef-
fectively by the shear of the zonal flow during the transition
phase. Thus, it can be inferred that the destabilization of the

ITG modes with different l and the suppression of the previous
dominant l = 1 ITG fluctuations result from the combined ef-
fects of the zonal field and zonal flow due to the fast growth of
the long wavelength perturbation induced by the tearing mode.
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Therefore, the frequency chirping phenomenon observed
during the transition phase is mainly because of the mode tran-
sition between the ITG modes with different mode frequen-
cies. The trigger of the mode transition is because of the differ-
ences of the zonal flow and zonal field/current generated from
micro-ITG and macro-TM, respectively. It is worth noting that
the zonal flow can also affect the other ITG modes with differ-
ent l. As shown in Fig. 7(b), it can be also observed that the
amplitude of the even ITG fluctuation is relatively small near
the peak region of the zonal flow shear. However, it seems that
the ITG modes with relatively lower radial mode numbers are
easily suppressed by the zonal flow shear.

Furthermore, it is found that the long wavelength fluctu-
ation can be driven by the short wavelength ITG fluctuations
though the nonlinear wave–wave coupling process. However,
the zonal field or zonal current generated from the ITG fluc-
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tuations can weaken the magnetic shear near the resonant sur-
face, which has a stabilized effect on the long wavelength tear-
ing activity. Thus, several exponential growth phases for the
fluctuation with kyρi = 0.05 are shown in Fig. 11. The initial
exponential growth phase is according to the linearly unsta-
ble TM with growth rate smaller than the growth rate of the
short wavelength ITG modes, as indicated with bluish violet
interval in Fig. 11. When the amplitude of the ITG fluctua-
tions exceeds a threshold, accompanying with the zonal com-
ponent, the long wavelength mode driven by the short wave-
length ITG mode through wave–wave coupling effect grows
exponentially during t ∈ [500,900], as indicated with the red
line in Fig. 11. In the following phase, the ITG fluctuations
are saturated gradually. During this phase t ∈ [0.2× 10−4,
0.8× 10−4], the zonal current generated from the ITG fluc-
tuations leads to the decrease of the magnetic shear near the
resonant surface, as shown in Fig. 10. Since the tearing ac-
tivity becomes weaker as the magnetic shear decreases, it is
observed that the growth rate of the long wavelength mode
during t ∈ [0.9× 10−4,1.2× 10−4] is much smaller than that
of the initial linear growth rate of TM during t ∈ [150,500],
as shown in Fig. 11. It is noted that even though the change
of the magnetic shear due to the zonal current generated from
ITG fluctuations is relatively weak, it will play an important
role in the marginal unstable TM instability.
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Fig. 11. (a) Time evolution of the kinetic energy Ekin
ky for the zonal com-

ponent with kyρi = 0.0, long wavelength tearing mode with dominating
wavenumber kyρi = 0.05, and short wavelength ITG modes with domi-
nating wavenumber kyρi = 0.5. Inset: the amplification of (a) in the time

interval t ∈ [0,2000]. Here, Ekin
ky = 1

2

〈∣∣∇φ̃ky
∣∣2〉= 1

2
∫ Lx
−Lx ∇φ̃ky ·∇φ̃∗kydx

is the average kinetic energy of the fluctuations for different ky.

In fact, the magnetic shear in the ITG-dominated stage is
influenced by not only the zonal current generated by the ITG
fluctuations but also the source term E0 = ηJ0 chosen to bal-
ance the diffusion of the initial current in Eq. (3). Since the
source term related to E0 ∝ η counteracts the decrease of the
magnetic shear induced by the zonal current, it can be found
that the mean shear of the magnetic field near the resonant

surface increases with increasing resistivity. Thus, in the ITG-
dominated stage, it can be inferred that the tearing activity is
more easily excited when the source term E0 = ηJ0 is strong
for the same level of the zonal current.
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[
1.2×103,2.9×103]. (c)

Time evolution of the averaged magnetic shear ŝ(t) = 〈s(x̄, t)〉/s(x̄, t =
0) =

∫ 1.5ρi
−1.5ρi

s(x, t)dx/
∫ 1.5ρi
−1.5ρi

s(x, t = 0)dx near the resonant surface x̄ ∈
[−1.5ρi,1.5ρi].

Roles of the source term E0 = ηJ0 in the nonlinear in-
teraction between the tearing mode and ITG modes have
been studied by varying the resistivity in this work, since the
strength of the source term is proportional to the resistivity
for the same current profile. It can be observed in Fig. 12
that, during the ITG-dominated stage, the tearing activity is
only excited in the large resistivity regime. Nevertheless, in
the small resistivity regime, the tearing activity is stabilized
by the zonal current. The fluctuation of the long wavelength
mode saturates in the ITG-dominated stage as shown by the
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green and blue lines in Fig. 12. Although the temperature gra-
dient driven ITG fluctuations and corresponding zonal current
are almost the same in all cases (temperature gradient is set
as ηi = 1.5), the source term proportional to the resistivity is
not strong enough to counteract the stabilizing effect of the
zonal current generated by the ITG fluctuation in the small re-
sistivity regime. Therefore, the tearing mode becomes stable
for η 6 1×10−4. In the large resistivity regime, however, the
decrease of magnetic shear induced by the ITG driven zonal
current can be compensated by the strong source term. As
shown in Fig. 12(b), the TM begins to grow near t = 2000 for
η > 1×10−4. The phenomenon that the magnetic shear near
the resonant surface increases with increasing resistivity also
supports the pervious conjecture, as shown in Fig. 12(c).

Furthermore, previous studies indicate that the polariza-
tion current has a destabilizing effect on the TM when the
magnetic island exceeds a critical value.[73,74] It is also ob-
served in Fig. 12 that the long wavelength mode grows sud-
denly when the amplitude of the magnetic fluctuation reaches
a threshold. For example, in the case with resistivity η =

1.1×10−4 (the orange curve in Fig. 12), the long wavelength
mode grows slowly during t ∈ [0.2×10−4,0.8×10−4], while
it grows rapidly during 0.8× 10−4 < t < 1.2× 10−4. In fact,
this typical case has been used in the spectra analysis in the
previous paragraphs. The sudden growth phase is just the tran-

sition phase from the ITG dominated stage to the TM domi-
nated stage, as shown in Fig. 1. In the slow growth phase of
the TM, the ITG fluctuation is dominant. After the fast growth
of the tearing mode, however, the TM gradually becomes dom-
inant in the final state.

3.3. Transport characteristic in the vicinity of the mag-
netic island

Turbulent transport in the presence of magnetic island
has received extensive attention in recent years. Thus, in this
work, the transport feature near the island region is also dis-
cussed. For the electromagnetic turbulence, the particle and
thermal transport is associated directly with the fluctuations
of radial velocity ṽx and the electromagnetic part b̃xṽ‖ due to
the magnetic fluctuations. Both ṽx and b̃xṽ‖ during the tran-
sition phase are presented in Fig. 13. In the ITG dominated
stage, the magnetic perturbation is relatively weak, since the
ITG mode is a typical kind of electrostatic instability. Thus,
the turbulent transport is contributed mainly by the electro-
static part 〈ṽxñ〉 or 〈ṽxT̃i〉. When the TM grows up, the mag-
netic island gradually splits the small-scale fluctuations. As
shown in Figs. 13(a)–13(e), the fluctuations are mainly local-
ized near the magnetic separatrix. As the width of the mag-
netic island increases, the fluctuations are gradually squeezed
to the X-point of the magnetic island. On the other hand,
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the fluctuations near the O-point of the magnetic island be-
come very weak. This structure is different from the mode
structure of the linear ITG mode in the presence of static mag-
netic island.[47,48] In the linear regime, the mode coupling ef-
fect associated with the magnetic island may lead to the mode
structure that is mainly concentrated inside the magnetic island
region. In the nonlinear regime, the profiles may be flattened
inside the island. The steep gradient outside the magnetic is-
land may enhance the ITG fluctuations around the magnetic
separatrix, which is consistent with the phenomenon observed
in Figs. 1 and 13. However, the formation of the large-scale
vortex flow and corresponding zonal flow related to the tear-
ing mode can suppress the turbulence in the following tearing
mode dominated stage. Thus, it can be observed in Fig. 1 that
the turbulence intensity firstly increases in the transition phase
and then decreases in the following phase. This phenomenon
is quantitively similar to the experimental diagnosis in EAST
tokamak, as indicated in Fig. 4 of Ref. [75] (In EAST tokamak,
it is also observed that the turbulence intensity increases as
the width of the magnetic island grows in the transition phase.
Then it decreases when the magnetic island saturates).

Moreover, when the magnetic island becomes large, the
transport associated with the electromagnetic fluctuation b̃xṽ‖
cannot be neglected. As shown in Fig. 13(j), the dominating
contribution is the long wavelength perturbations, which are
associated with the large scale ṽ‖ and bending of the magnetic
field lines around the magnetic island.

4. Summary and discussion
In summary, the typical features of the multiscale inter-

action between drift tearing mode and ITG modes are investi-
gated by means of an electromagnetic Landau-fluid simulation
in a shear slab geometry. A transition phase from the ITG-
dominated stage to TM-dominated stage is clearly observed
when the initial linear growth of the ITG mode is larger than
that of TM. During the transition phase, the energy spectra
with respect to wavenumbers become broader. Interestingly, a
frequency chirping phenomenon is found during the transition
phase. The decrease of the frequency of the long wavelength
tearing mode in the electron diamagnetic direction is mainly
because of the flattened profile due to the fast growth of the
magnetic island. While the increase of the frequencies of the
short wavelength ITG fluctuations in the ion diamagnetic di-
rection is because of the eigenmode transition of ITG induced
by the large-scale zonal flow and zonal current related to the
drift TM. Stabilizing effect of zonal current induced by the
ITG fluctuations on the drift TM instability is also analyzed.
Finally, the electromagnetic transport features in the vicinity
of the magnetic island are discussed. Although the turbulence
transport is mainly contributed by the electrostatic part when
the magnetic perturbation is small, the transport associated

with the electromagnetic fluctuations could not be neglected
when the magnetic island becomes large.

It is clarified that for the large magnetic island, the
flattening of the pressure profile resulting in the reduc-
tion/enhancement of the ITG fluctuation inside/outside the is-
land is found to dominate over the geometrical coupling effect
of the island, which leads to the localization of the ITG mode
inside the island. As a result, the net effect of the island is an
enhancement of the ITG fluctuation near the separatrix of the
island, especially near the X-point of the island.

Furthermore, the basic results obtained in this work can
help us to understand the experimental diagnosis to a certain
degree. For example, the behavior of the turbulence inten-
sity during the transition phase from the ITG-dominated stage
to TM-dominated stage in this work is quantitively similar to
the experimental diagnosis in EAST tokamak. As indicated in
Fig. 4 of Ref. [75], the turbulence intensity increases as the
width of the magnetic island grows in the transition phase.
Then it decreases when the magnetic island saturates. This
phenomenon is similar to the numerical results obtained in
Fig. 1(a). The increase of the turbulence identity is mainly be-
cause of the steepened temperature profile near the magnetic
separatrix. The decrease of the turbulence intensity is mainly
because of the vortex flow and zonal flow related to the tearing
mode.

The numerical simulation is only carried out based on a
reduced Landau-fluid model in a shear slab geometry. The
magnetic field-line curvature plays an important role in the
toroidal ITG modes. In this work, only local slab-ITG modes
interacting with the tearing mode in a shear slab are consid-
ered. The results may be different in the toroidal geometry.
Moreover, the shear flow/mean flow effect which may modify
and/or update this conclusion in some extent is not included
in this work. Thus, the influence of curvature and the equilib-
rium flow on the multi-scale interaction between TM and ITG
should be considered in the future.
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[24] Wang Z H, Diamond P H, Gürcan D, Garbet X and Wang X G 2011
Nucl. Fusion 51 073009

[25] Xu M, Tynan G R, Diamond P H, Manz P, Holl, C, Fedorczak N,
Chakraborty Thakur S, Yu J H, Zhao K J, Dong J Q, Cheng J, Hong
W Y, Yan L W, Yang Q W, Song X M, Huang Y, Cai L Z, Zhong W L,
Shi Z B, Ding X T, Duan X R, Liu Y and HL-2A team 2012 Phys. Rev.
Lett. 108 245001

[26] Schmitz L, Zeng L, Rhodes T L, Hillesheim J C, Doyle E J, Groebner
R J, Peebles W A, Burrell K H and Wang G 2012 Phys. Rev. Lett. 108
155002

[27] Cheng J, Dong J Q, Itoh K, Yan L W, Xu M, Zhao K J, Hong W Y,
Huang Z H, Ji X Q, Zhong W L, Yu D L, Itoh S I, Nie L, Kong D F,
Lan T, Liu A D, Zou X L, Yang Q W, Ding X T, Duan X R, Liu Y and
HL-2A team 2013 Phys. Rev. Lett. 110 265002

[28] Tynan G R, Xu M, Diamond P H, Boedo J A, Cziegler I, Fedorczak N,
Manz P, Miki K, Thakur S, Schmitz L, Zeng L, Doyle E J, McKee G
M, Yan Z, Xu G S, Wan B N, Wang H Q, Guo H Y, Dong J, Zhao K,
Cheng J, Hong W Y and Yan L W 2013 Nucl. Fusion 53 073053
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