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Abstract—We investigate the control of spatially ex-
tended chaotic state in an electroconvective systems of a
nematic liquid crystal. The spatiotemporal intermittency
(STD) is a coexistent state of laminar (defect lattice : DL)
and turbulent domains. The controlling STI that turbulent
state changes to DL can achieved via slowly varying am-
plitude modulation (AM) of the applied ac voltage. This
suppression of intermittent characters is caused by a reso-
nance between the oscillation of lattices and the slow AM.
We calculated correlation functions for the binarized time
series measured at a local point which represents transition
dynamics between turbulent and DL. It has been found that
the correlation functions show power-law decay and their
indices becomes smaller when AM is applied. This result
suggests that not only fraction of the turbulence but also
fluctuations are suppressed by the resonant controlling.

1. Introduction

Chaos in real systems often reduces efficiencies of vari-
ous devices in engineering systems [1] as well as providing
renovate ideas in interdisciplinary research field such as bi-
ology [2] and information science [3]. “Controlling chaos”
by using small perturbations applied to the chaotic system
has therefore attracted broad interests of scientists [4]. It
can be realized by applying delayed-feedback signal [5] or
periodically external (either additive or parametric) force to
the system [6]. The verification of the achievement of con-
trolling chaos has been implemented by using the measures
such as Lyapunov exponent, attractor dimension, autocor-
relation function and shift of a bifurcation point to chaos
not only in theoretical models [6], but also in experimental
systems such as the bistable magnetoelastic system [7], the
electric circuit [8] and the laser system [9].

Recently extension of controlling chaos to spatiotempo-
ral chaos (STC) has been tried [10]. Controlling STC is an
interesting problem because there are great needs for ap-
plication in various systems such as plasma system [11],
turbulence [12] and electrochemical reaction [13]. How-
ever the understanding about the controlling STC is not yet
sufficient for applications. In a real system the controlling
STC involves difficulty due to a large number of degrees of
freedom. It is very important to examine realization of the
controlling STC in experiments based on theoretical results

obtained in the nonlinear physics.

Spatiotemporal intermittency (STI) is one of the typical
examples of STC, where ordered and disordered states co-
exist as a dynamical domain structure. STI is observed in
various systems such as a coupled map lattice [14], a par-
tial differential equation [15], a viscous fingering [16] and
a convective system [17], and has been investigated mainly
with the viewpoints of statistical physics [15, 17, 18].

In an electroconvective system of a planar-oriented ne-
matic liquid crystal an ordered pattern called defect lattice
(DL), which is a lattice structure of defects embedded in
a roll pattern, is observed [19]. In DL, the turbulent do-
mains appear locally with increasing the control parame-
ter (applied voltage). Thus DL is a typical example of 2-
dimensional STI which consists of DL and turbulence re-
spectively corresponding to the ordered state and the disor-
dered state [20]. We have found that the turbulent domains
in STT are changed to the lattice state by the application of
slowly modulated fields of the applied voltage. It is sug-
gested that STI could be controlled by the parametric mod-
ulation.

As mentioned above the detailed investigation of STI has
been performed with the viewpoints of statistical physics.
Temporal behavior such as time correlation function and
duration time of one state brings us important information
with respect to transition between laminar and turbulence
in STI [21]. Therefore by research of the controlling STI
from the view point of statistical mechanics, it can be ex-
pected to obtain more detailed information on the control-
ling STI. In the present paper we report on statistical prop-
erties of temporal behavior of STI under the parametric
modulation.

2. Experiment

The experimental setup was similar to one reported
previously [22]. The horizontal size of the system
was 383d x 383d where the distance d between the
electrodes was 26.1 um. The nematic liquid crys-
tal p-methoxybenzilidene-p’-n-butylaniline (MBBA) was
aligned planarly in x — y plane, and its initial director is
defined to be parallel to the x-axis. The experimental tem-
perature was controlled at 30.00 + 0.02°C. The dielectric
constant and the electric conductivity of the sample cell

-47 -



measured perpendicularly to the director of the liquid crys-
tal were 5.0 and 3.7 x 1077Q"'m™!, respectively.

An electroconvective pattern can be observed by polar-
ized light transmitted through the sample, since distortion
of the director due to the convection makes spatial modula-
tion of refractive index for extraordinary light. The image
data were taken by a charge coupled device (CCD) camera
(HAMAMATSU (C4880-80) mounted on a polarizing mi-
croscope and stored on a hard disk of a computer for fur-
ther analysis. Self-made programs and the software ImageJ
were used for the image analysis.

An ac voltage Vx(t) = V2V(1 + W) coS(2m foct) Was
applied to the sample in the z-direction using a digital
synthesizer (NF1946). For standard experiments of elec-
troconvection W is zero. In the present experiment, the
amplitude modulation (AM) of the external voltage W =
am coS(2mF 1) is applied. foc was set to 0.65fc, where f.
is a critical frequency and usual convection is observed
below f.. Fp is in the order of 1 Hz which is much
smaller than f,.. Hereafter we use the normalized voltage
& = (V2 = V?)/V2, where V, is the threshold voltage of
convection, as a control parameter.

3. Results and Discussions

In the planar nematic system, first a stationary straight
convective pattern appears beyond an onset voltage V.. For
a slightly higher & defect chaos state appears, where the
defects nucleate, glide and annihilate randomly in space
and time. With increasing &, the numerous defects align
regularly, and DL emerges. The DL is formed by inter-
action between convective modes and azimuthal rotation
modes of the director [19]. The interaction also induces
oscillation of the lattice, because it is regarded as a kind
of activator-inhibitor one [22, 23]. Since the units of the
lattice are coupled through the elastic interaction of direc-
tor, they compose a coupled oscillator system. Though the
oscillation arises intermittently in space and time, the fre-
quency of the oscillation of the DL is almost constant at a
fixed value of €. It can be regarded therefore as an intrinsic
frequency fy of the DL oscillation. f; linearly depends on
e [22].

When ¢ is further increased, the lattice locally collapses
and changes into turbulent state as shown in Fig 1. This
state corresponds to STI where the DL domains (laminar
state) and the turbulent one (turbulent state) coexist. The
turbulent domain fluctuates with changing of its shape and
size. In order to extract quantitative information of the
intermittent state, we adopted the local spectrum method
which was also used in the previous research [20]. By the
method, the whole area is divided into DL state and turbu-
lent one depending on the magnitude of the local spectrum
component for the wavenumber corresponding to DL. We
made binalized image by assigning 1 to turbulent domains
and 0 to DL. Then the area fraction St of the total turbu-
lent domains can be obtained from the binalized image. As
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Figure 1: Spatiotemporal intermittency formed in DL. The
image size is 109d x 82d and & = 0.80.
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Figure 2: Temporal change of a binarized image in the pro-
cess of the controlling STI with F,, = fy and a,, = 0.04.
The black and white regions indicate turbulent domain and
DL one, respectively. The time interval of images is 25 min
and the observed area is 130d x 131d.

¢ is further increased, St increases, and finally the turbu-
lent domains cover the whole system. Thus the transition
process is characterized by Sr.

When the AM was applied to the system exhibiting the
STI as a parametric force, the size of the turbulent domain
decreases by formation of lattices [24]. This represents
a realization of controlling STC. Especially, it should be
noted that spatial structure can be reproduced by temporal
modulation of the external field. The formation of lattices
occurs mainly at boundaries between the turbulent domain
and DL domain, that is, nucleation of lattice state in tur-
bulent domain is not dominant in this process as seen in
Fig. 2.

We measured the area fraction Spp (= 100 — S1) of DL
in the controlled state with changing the Fy, [24]. Since
the resulting curve of Spp(Fy,) has a peak at Fp, = fy, it
is regarded as a kind of resonance curve and F, = fy is
the optimal frequency for the controlling STI. We also con-
firmed that the oscillation change from intermittent to co-
herent by applying AM . From these observations it can be
concluded that this suppression of intermittent characters
is due to parametric resonance of the oscillation of lattices
by the AM. This occurs through the mediation of the elas-
tic interaction of the director. Hereafter Fy, is fixed to fy
through all measurements.

It takes several hours to complete controlling (St = 0)
from an initial value (e.g. St = 90%) in the present ex-
periment. This controlling time is much longer than those
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Figure 3: Transitions to turbulence with AM for several
values of a,. AM was set to Fy,, = fy and the applied volt-
age was increased with rate r = 0.05 mV/s. The observed
image size is 130d x 123d.
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Figure 4: Log-log plot of an avaraged correlation function
of a binarized time series at a local point of a STI system.
& was set to 0.90 where mean value of St is 50%, and AM
with ay, = 0.02 was applied. Solid line denotes result of the
fitting to C(7)~ 7 for ¢t < 5 min, which gives u = 0.05.

in the controlling chaos experimentally realized in [7, 8, 9]
and characteristic times of the system (e.g., director relax-
ation time and fo"). It was also confirmed that the control-
ling time becomes shorter as ay, increases below 0.04.

Transitions to turbulence via the STI with the AM for
several values of ay, is shown in Fig. 3. When the AM is
applied to the system the bifurcation point, where a tur-
bulent domain appears, shifts from the original bifurcation
point &; to a higher value £ of &. From the results of the
shifts £* — &7 measured for various ay, it is also clarified that
the shift linearly increases for the increase of a,,, and there
is no threshold for a,.

Autocorrelation functions of the binalized time series at
a local point in stationary state were measured to know
statistical properties as mentioned above. Even under the
AM, the system can go into a stationary state with finite
St for fixed £ and ay,. In the case without (with) the AM
we waited for 1 hour (3 hours) in order to acquire data in
stationary stochastic process. One correlation function was
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Figure 5: Ratio of the power indices of the power-law de-
cay in the correlation functions. o and A indicates the in-
dices for the case without AM and with AM, respectively.

averaged over 81 correlation functions obtained from spa-
tially different locations. Since the distance among loca-
tions is longer than 10 times of the unit length of the lattice,
statistically independent data were obtained. The correla-
tion function exhibits power-law decay in short time range
(~ 10 min) as shown in Fig. 4. It is known that correlation
function for the two states Poisson process shows exponen-
tial decay. The origin of the power-law decay of correlation
functions, which may be caused by strongly correlated fluc-
tuation and frequently appears in nonequilibrium systems,
is still open problem. The detailed research of the pecu-
liar property of the correlation function for the STI will be
discussed in elsewhere.

The index of the power-law decay at least held at < 5
min. Fig. 5 shows the St dependence of the indices for
the cases with AM with a,, = 0.02 and without AM. A
similar trend, that is, the indices decrease as St increases,
is obviously shown for both cases. As shown in Fig. 5,
the power indices decrease due to the application of AM.
The ratio of the power index for the case with AM to that
for the case without AM is nearly constant whose mean
value is 0.79 + 0.14 independent of St. In the presence of
AM each state of DL and turbulence is sustained for longer
time in comparison with no AM case, which suggests that
fluctuations of the system are suppressed by AM.

By observation we may interpret the results as follows.
In the case with the AM, since all lattice units are entrained
into the frequency of the AM, transition from DL state to
turbulent one becomes more difficult to arise than the case
without AM. Consequently, it is also difficult for the tur-
bulent state to change to the DL one, because S is almost
kept. This is a reason why the correlation function obeys a
power law with smaller value of the index under AM.

-49 -



4. Conclusion

In this paper, we have reported on temporal behavior of
the resonant control of STI in the defect lattice in an elec-
troconvective system of a nematic liquid crystal. The con-
trolling STT that turbulent state changes to the lattice can
be achieved by slow modulation of the applied ac voltage
with amplitudes of several percents. It is revealed that the
correlation times of the turbulent state become longer by
applying the modulation. These results imply that the fluc-
tuations of the system are suppressed by the slow modula-
tion of the control parameter. It could be expected that the
results are general features of the controlling STC and it is
desired especially in the engineering field.
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