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In this paper, the evolution of the pattern transition induced by the vortical electric field (VEF) is investigated.

Firstly, a scheme is suggested to generate the VEF by changing the spatial magnetic field. Secondly, the VEF is imposed

on the whole medium, and the evolutions of the spiral wave and the spatiotemporal chaos are investigated by using

the numerical simulation. The result confirms that the drift and the breakup of the spiral wave and the new net-like

pattern are observed when different polarized fields are imposed on the whole medium respectively. Finally, the pattern

transition induced by the polarized field is discussed theoretically.
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1. Introduction

Spiral wave and spatiotemporal chaos[1,2] are
observed in the chemical,[3−6] physical[4] and
biological[7−9] systems. They have attracted more at-
tention since some important evidences showed that
the appearance of spiral wave was linked to a kind
of cardiac arrhythmia[10] and the instability[11−13]

of spiral wave could induce the ventricular fibrilla-
tion (VF).[14−16] Therefore, many schemes have been
proposed to prevent the spiral wave from appear-
ing and breaking up. For example, Wang et al [17]

and Wang[18] proposed a weakly spatial perturbation
for stabilizing and eliminating useless spatial pattern.
Hendery et al [19] suggested that the local inhomogene-
ity and parameter perturbation could be introduced
into the complex Ginzburg–Landau equation (CGLE)
to induce target waves.[19] And it was proved that
local periodical forcing was effective to eliminate the
harmful spiral wave and spiral turbulence and the
Winfree turbulence,[20−22] and the time-delay feed-
back scheme was also used to prevent the spiral wave
from breaking up.[23−26] Furthermore, the relation be-
tween the complex Ginzburg–Landau equation, which
is used to describe the oscillatory medium, and the
reaction–diffusion system was discussed in Ref.[27],

in which some schemes were proposed to remove the
spiral wave and spiral turbulence in the excitable
media,[28−35] including the scheme of local intermit-
tent shock,[28] parameter perturbation,[29] local self-
coupling feedback,[30] chaotic signal forcing[31,32] and
stochastic phase perturbation,[33] etc. which are dif-
ferent from the pattern transition induced by the
polarized field in Refs.[35, 36].

In this paper, we investigate the evolution and
transition of pattern induced by the vortical electric
field (VEF), which can be generated by using alter-
nately changeable magnetic field in a long and straight
solenoid. We will observe and discuss the transition
between patterns when the VEF is introduced into the
whole medium based by using the numerical simula-
tion.

2. The distribution of vortical

electric field

At first, a long and straight solenoid is used to
generate a VEF, and its intensity, E is described by

∮

L

E · dl = −dψ

dt
= − d

dt

∫∫
©B · dS, (1)
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where Ψ is the flux in the confined area, and B is the
intensity of the magnetic field. Equation (1) is equiv-
alent to the following expression (2) when the area of
magnetic field is big enough:

E = −r

2
dB

dt
, (2)

where r is the distance between the centre of the
solenoid and a field point. On the other hand, Eq.(1)
can be transformed into the following expression (3)
when the area of magnetic field is small.

E = −R2

2r

dB

dt
, (3)

where R is the diameter of the solenoid, and r is
the distance from the field point to the centre of the
solenoid. In this paper, introduced it a polarized field
which is described in expression (2). Clearly, the VEF
can be divided into two directions along the x- and y-
axes in the Descartes, respectively. For example, a
clockwise vortical electric field is given by

Ex = Esin(θ), and Ey = −E cos(θ), (4)

where E is the external VEF and θ is the angle of the
field point with respect to the positive x -axes. In fact,
E can be evaluated from Eq.(1). For example, a con-
stant E = E0r and a changeable E = E0cos(ωt)r will
be discussed in this paper. In the experiments, the in-
tensity of the magnetic field is changeable to generate
different VEFs.

3. Pattern transition in the polar-

ized reaction–diffusion system

A reaction–diffusion equation system is given by

∂tu = f(u, v) + Du∇2u;

∂tv = g(u, v) + Dv∇2v, (5)

where f(u, v) and g(u, v) are used to determine the
local kinetics of the system, respectively. The two-
dimensional Laplace operator ∇ = ∂2/∂x2 + ∂2/∂y2,
and u and v are the activator and inhibitor variables,
Du and Dv are diffusion coefficients. The polarized
medium is described by

∂tu = f(u, v) + Ex∂u/∂x + Ey∂u/∂y + Du∇2u;

∂tv = g(u, v) + Dv∇2v. (6)

For simplicity, the famous modified Fitzhugh–Nagumo
model (MFHNM)[37] is investigated under this
scheme, and a clockwise rotating spiral wave is se-
lected as the initial state and its evolution induced by
a vortical electric field is investigated by using the nu-
merical simulation. The MFHNM[37] subjected to a
polarized electric field is given by

∂tu =ε−1u(1− u)(u− (v + b)/a) + Ex∂u/∂x

+ Ey∂u/∂y + D∇2u;

∂tv =f(u)− v, (7)

where u and v determine the activator and the in-
hibitor respectively, (for more details see Ref.[37]; the
function f(u)=0 at u < 1/3, f(u) = 1− 6.75u(u− 1)2

at 1/3 ≤ u ≤ 1; f(u)=1 at u > 1; the parameter
ε is the ratio of the time scale of the fast activator
to that of the slow inhibitor variable; parameters a

and b are selected as appropriate values such that a
spiral wave could be generated under appropriate ini-
tial conditions. In our numerical simulation, parame-
ters a=0.84, b=0.07, ε=0.03, and diffusion coefficient
D=1 are required for a stable rotating spiral wave,
while ε=0.073 is adopted for spatiotemporal chaos.
And the time step size h=0.02, the space distance
∆x = ∆y=100/256, no-flux boundary condition and
the Euler forward difference are used in the numerical
algorithm.

Firstly, a spatial field E = E0r (the magnetic field
B = k0t) is investigated, and the images are shown in
Fig.1 for E = E0r = 0.03328r (or dB/dt=0.06656).

The numerical simulation results confirm that the
rotating spiral wave is removed within 60 time units
and the tip of the spiral wave is pulled out of the
medium. It is confirmed that the spiral wave becomes
sparse under a weaker E0, while a stronger E0 will
speed up the death of the rotating spiral wave. Fur-
thermore, an anticlockwise constant VEF fails to kill
the spiral wave even when the intensity of the field is
sufficiently big. As far as we know, if the direction of
the vortical electric field is consistent with the direc-
tion of the rotating spiral wave, the tip of the spiral
wave will be pulled out of the centre, and a collision
with the boundary will make the spiral wave rapidly
killed, otherwise, the tip of the spiral wave will be at-
tracted to the centre of the medium, as a result, the
spiral wave remains alive.
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Fig.1. Evolution of the spiral wave at E = E0r = 0.03328r (or dB/dt=0.06656) with time for

t=0, 5, 15, 25, 30, 35, 55, 60 time units (the order is from left to right and from upper to lower,

and the final state is shown in grey).

Secondly, we investigate the destiny of the spiral
wave when the VEF varies periodically. In our numeri-
cal simulation, E = E0 cos(ωt). For simplicity, the fre-
quency in the vicinity of eigenfrequency of the rotat-
ing spiral wave is investigated, and then the other fre-
quencies will be discussed later. Here, E=0.03328rcos
(2πt/4.17) (or dB/dt=0.06656rcos (2πt/4.17)) is tes-
tified, and the numerical results are shown in Fig.2.

The numerical simulation results prove that the
spiral wave is eliminated within 40 time units, and the
whole medium becomes homogeneous when the VEF
is imposed on the whole medium. As far as we know,
the medium is polarized and the self-organization is
enhanced when an appropriate intensity of the exter-
nal VEF varies periodically. Furthermore, more nu-
merical simulation results prove that a stronger VEF
can shorten the transient period to reach a homo-

geneous state. For example, it takes about 39 time
units for E=0.04096rcos(2πt/4.17) and 8 time units
for E=0.0512rcos(2πt/4.17) to remove the stable spi-
ral wave. The spiral wave just becomes sparse as com-
pared with the previous one in the presence of a weaker
VEF. Then other different frequencies of the external
VEF are also investigated, and it is confirmed that
the final states are determined by the intensity and the
phase or the frequency of the external field. The whole
medium becomes homogeneous at an appropriate in-
tensity of external field (not too weak) even if the fre-
quency is not equivalent to the eigenfrequency of the
rotating spiral wave. For example, the transient pe-
riod is about 16 time units at E=0.06144rcos(πt/4.17)
and 200 time units at E=0.04096rcos(4πt/4.17), and
the breakup of spiral wave is observed when the in-
tensity of the external field is not sufficiently strong.
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Fig.2. Evolution of the spiral wave at E=0.03328rcos (2πt/4.17) (or dB/dt=0.06656rcos (2πt/4.17)),

with time for t=0, 10, 24, 28, 32, 40 time units (the order is from left to right, from upper to lower, and

the final state is shown in grey).

Another interesting problem is about the evolu-
tion of the spatiotemporal chaos subjected to the ex-
ternal VEF. We select a parameter ε=0.073 such that
the spatiotemporal chaos can be induced;[37] our in-

terest is to investigate the evolution of the spatiotem-
poral chaos when the external VEF is imposed on the
whole medium. And the numerical results are plotted
in Fig.3.

Fig.3. Evolution of the spatiotemporal chaos at E=0.03328r (or dB/dt=0.06656r) with time

for t=0, 2, 8, 14 time units (the order is from left to right and from upper to lower, and the final

state is shown in grey).
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The numerical simulation results confirm that the
whole medium can reach a homogeneous state within
a few time units and the spatiotemporal chaos is sup-
pressed when the VEF is constant. Then a stronger
intensity of the VEF is investigated, and the whole
medium still reaches a homogeneous state quickly.

Finally, we are to investigate the evolution of the

spatiotemporal chaos when the external VEF varies
periodically. Different intensities and periods of the
external VEF are investigated, and the relevant nu-
merical results are plotted in the Figs.4 to 8, and the
images illustrate the evolution of the spatiotemporal
chaos with time.

Fig.4. Evolution of the spatiotemporal chaos at E = 0.03328rcos(2πt/4.17) (or dB/dt=0.06656rcos(2πt/4.17))

with time for t=40, 60, 100, 200, 500, 800 time units (the order is from left to right and from upper to lower,

and the final state is shown in grey).

Fig.5. Evolution of the spatiotemporal chaos at E=0.04096rcos(2πt/4.17) (or dB/dt=0.08192rcos(2πt/4.17))

with time for t=600, 700, 800, 900 time units (the order is from left to right, and upper from to lower, and the

final state is shown in grey).
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Fig.6. Evolution of the spatiotemporal chaos at E=0.04608rcos(2πt/4.17) (or dB/dt=0.09216rcos(2πt/4.17))

with time for t=250, 550 time units (the order is from left to right, and upper from to lower, and the final state

is shown in grey).

It is confirmed that new pattern appears as the external VEF is adjusted. Then other frequencies are
investigated and the spatiotemporal chaos develops into a new pattern that looks like a net.

Fig.7. Evolution of the spatiotemporal chaos at E=0.04096rcos(3πt/4.17) (or dB/dt=0.08192rcos(3πt/4.17))

with time for t= 200, 400, 600, 700, 800, 1100 time units (the order is from left to right and from upper to

lower, and the final state is shown in grey).
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Fig.8. Evolution of the spatiotemporal chaos at E=0.04096rcos(3.2πt/4.17) (or dB/dt=0.08192rcos(3.2πt/4.17))

with time for t= 200, 300, 400, 500 time units (the order is left to right and from upper to lower, and the final state

is shown in grey).

All the above numerical simulation results con-
firm that net-like patterns can be generated and de-
veloped from the spatiotemporal chaos state when the
external VEF is changed periodically. In our view, it
is the external VEF that enhances the mutual cou-
pling and interaction among the cells in the medium,
and the dynamics of the system is thus changed.

4. Conclusion

In this paper, the evolution of spiral wave and
spiral turbulence induced by a real vortical electric
field is investigated and discussed. It is suggested
that the real polarized field can be generated from
an alternately changeable magnetic field in a long and
straight solenoid. It is confirmed in our numerical
simulation that the tip of spiral wave can be removed
and the whole medium becomes homogeneous soon

after an appropriate intensity of VEF is applied, oth-
erwise, the breakup of spiral wave will be observed.
The spatiotemporal chaos or spiral turbulence can be
removed in a few time units when the constant VEF
is imposed on the whole medium, while new net-like
pattern appears when the external VEF changes, as
a sine or cosine condition, with time. As far as we
know, it is due to the VEF by which the tip of the
spiral wave can be driven out from the centre of the
medium, thus the medium becomes homogeneous. Fi-
nally, the obtained numerical results need confirming
in experiment.
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