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Noise-induced spatiotemporal dynamics in a linear array of excitable chemical oscillators

Kenji Miyakawa, Taiji Okano, and Takayuki Tanaka
Department of Applied Physics, Fukuoka University, Fukuoka 814-0180, Japan
(Received 12 January 2005; published 3 June 2005

The effects of additive noise on spatiotemporal dynamics are investigated in a one-dimensional array of
excitable elements in which the Belousov-Zhabotinsky reaction is localized. At the appropriate separation
between adjacent elements, we find that the resonance effect becomes larger for the element being more apart
from the first element when only the first element is subjected to the external noise. This phenomenon is a sort
of array-enhanced resonance. Furthermore, we find that phase locking between the first element and the other
elements is induced via coherence resonance of the first element. Experimental observations are approximately
reproduced in a numerical simulation with a forced Oregonator reaction-diffusion model.
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I. INTRODUCTION into only the first element in the absence of an external pe-

Nontrivial effects of noise in nonlinear systems have re-f1odic signal, in order to clarify the authentic effect of cou-
cently attracted much attention. Especially, stochastic resd?ling. The coupling in this system is accomplished via a
nance(SR) is a well-known phenomenon, which is charac- Mass diffusion, so that a coupling strength can be controlled
terized as the enhancement of the response to a wedl varying the separation between excitable elements. We
periodic input signa[1-5]. Even in the system without ex- find various modes of phase locking depending on a noise
ternal periodic forcing, noise can also be helpful in inducinglevel and the separation. Furthermore, we find that, at the
the resonance-like phenomenon of the coherent motiorgppropriate separation, the more the elements are apart from
called coherence resonan@@R) [6], autonomous SIR7,8],  the first element, the larger their resonance effects become. A
or internal signal SR9]. This has been experimentally con- reaction-diffusion model, which takes into account the effect
firmed in various systemg0-12. In the spatially extended of noise, is able to reproduce qualitatively the observed be-
system, such a noise-induced effect manifests itself as phéaviors.
nomena of noise-supported traveling way&8] and noise-

sustained pulsating patterfs4]. In ecological systems, fur- Il. EXPERIMENT
thermore, a nonmonotonic behavior of the pattern formation ) ) ) ) )
was induced by a multiplicative noigd5]. A more recent Experiments were carried out with a localized reaction

interest has been shifted to spatiotemporal dynamics in apyStem In wh|ch2}he tri$2, 2’-bipyridine) ruthenium (II)
array of similar stochastic elements. Coupling of SR or CREOMPlex[Ru(bpy);"] was immobilized in cation exchange
oscillators further enhances the ordering properties of noisBeads of a submillimeter siZ&9,30. The initial composi-
compared with that of a single stochastic resonator. Thesion of the BZ reaction solution wapNaBrO,]=0.45M,
behaviors are called array-enhanced stochastic resonanddaBr]=0.08M, [CHx(COOH),;]=0.3M, and [H,SO,]
(AESR) [16-19 and array-enhanced coherence resonance0.4M. Reagent grade chemicals were used without further
[20]. Furthermore, the signal-to-noise ratio of the output sig-urification. The cation exchange bedBOWEX, 50W-4X)
nal can be significantly improved when stochastic bistable@f 500 um in diameter were loaded with a solution of
elements are coupled and a periodic signal is injected intbRu(bpy)31=1.2x 10"° mol/g beads. At this composition,
the first element. This behavior, like AESR, is called noise-the system was initially in an oscillatory regime. The excit-
enhanced propagatidiNEP) [21-24]. able steady state was realized by taking advantage of a high
In a coupled array of stochastic elements, phase synchrghotosensitivity of Rtbpy)g+ [31]. The period of oscillation
nization phenomena can also oc¢@6—27. Phase synchro- increased monotonically with increasing illuminated light in-
nization and resonances significantly influence each other. gensity |, and finally the excitable steady state appeared for
recent study has demonstrated that the interplay betweedhe light intensity of more than abolf=9 mW. Then the
coupling and noise plays an important role in enhancing theperiod under the dark was estimated by extrapolation to be
resonant response of a coupled array, using a coupled excapproximatelyT,=50 s. In the experiment, we fixed at
able FitzHugh-Nagumo mod¢R0,28. On account of such 10 mW. The temperature of the BZ solution was maintained
an interplay, conversely, it is not clear to what extent theat 24+0.5 °C. We employed an electric field as an external
coupling effects authentically contribute to array-enhancedorcing to stimulate the excitable medium, since the electric
resonances. field has pronounced effects on dynamic behaviors of chemi-
In this paper, we experimentally and numerically addressal waves. Sensitive responses to electric fields are related to
these problems in a one-dimensional array of excitable elethe fact that most chemical species relevant to wave propa-
ments in which the Belousov-Zhabotinski$Z) reaction is gation are ionic. Electrodes of 0.6 mm in diameter were
localized. On the basis of the idea of NEP, we construct gplaced 2 mm apart and parallel to the surface of the reaction
coupled array in such a way that external noise is injectednedium. In order not to exert the direct effect of the electric
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FIG. 1. Schematic representaion of the experimental setup.
OSC1 contacts one of two electrodes. The linear array of beads
immobilizing RL(bpy)%+ is placed perpendicular to the two
electrodes.

field on other beads except one bead, we placed one excit-
able bead in contact with one of the two electrodes and three
other beads were placed eadhapart, as shown in Fig. 1.
Here the bead placed in contact with the electrodes was ten-
tatively termed the oscillator 10SCJ, and three other
beads were termed the oscillatof@QSC2, the oscillator 3
(OSC3, and the oscillator 40SC4 in that order. In this
experimental setup, an external electric noise is injected into
only OSC1, while thdth oscillator except OSC1 is mainly
stimulated by the firing of thdi-1)th oscillator. In fact,
waves were always initiated at OSC1, and no waves were
excited on three other oscillators in the absence of OSCL1. In
this sense, OSCL1 plays the role of a master oscillator in the L —=—05Cl ]
behavior of entrainment. The added electric noise is repre- s
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sented byBés(t), where 8 is the amplitude and,(t) are ol ‘ . 4_18223 . 1
random numbers equally distributed between -1 and 1 with Jd@ ' o j
the duration times of a noise pulse. In the measurement, we S A=)
chose the duration time a§=0.225 s. or = ]
Coupling behaviors can be controlled by varyidg so 5r / 1
that d acts as a control parameter governing the onset of 4l l/ ]
oscillations and the period in excitable oscillators, in addition sl ]
to B. Whend> 140 um, four oscillators were always in an i e ]
uncoupled state for any value @f At a stronger coupling —e—0SC2
regime ofd<50 um, on the contrary, four oscillators behave r —4-—0SC3 ]
like a single oscillator for anys. At an intermediate value of ok . Lo .
d, the coherence of oscillations induced on four oscillators 04 05 & o s 03
differed from one another, depending dnTo characterize BVl

the degree of coherence of these oscillations, we used the

coherence measufe, defined by FIG. 2. (Color) Coherence measui®, of four oscillators as a

function of the noise amplitudg with a variation of the separation

B (1) 1) d: (@ d=140um, (b) d=120um, (c) d=100um, and (d) d
Re= \;’<72>_<7_>2’ =80 um.

where(7)=(1/N)={;7, N is the number of firings, and is  the period under the dafk., which is considered to be that
the time interval between thi¢h and(i+1)th firing events. of the intrinsic oscillation. This suggests that the coherent
At the region ofd=140 um, four oscillators were com- oscillation induced by noise is determined by a time scale of
pletely uncoupled for any value of the noise amplitygle the intrinsic dynamics of the system. At the spacingdof
Figure 2 shows the coherence meadRydepending o. At =120 um, all the oscillators exhibited firings. The maximum
d=140 um, only OSC1 becomes oscillatory above a certainn R. is clearly observable for all oscillators neg#
value of the noise amplitudg, while three other oscillators =0.70 V, as shown in Fig. (), thus evidencing that there
are still in the excitable state. Thus four oscillators behavealways exists the optimal noise amplitu@g,, inducing the
like independent oscillators. It should be noted tRatof = most regular oscillation. ThB, value of OSC1 is still larger
OSC1 passes through a maximum with increasthdgrhis  than those of three other oscillators for all valuegofWhen
suggests that the present oscillators have an ability to causeda 100 um, four oscillators showed almost the sapeale-
coherence resonance. The oscillation having maxirfdns  pendence oR.. At the spacing of 66 d=80 um, the de-
almost periodic, and its value approximately coincides withgree of coherence for OSC4, OSC3, OSC2, and OSC1 be-
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came larger in that order, as shown in Figd)2 This that the phase locking of 1:2 occurs between OSC1 and
indicates that, as the firing event on OSCL1 is transferred t©SC4. Furthermore, a two-mode behavior appears on OSC3
0OSC2, OSC3, and OSC4, the coherence of the firing processterposed between these oscillators, as seen from two peaks
is enhanced. The oscillation of OSC1 induced by an externah ISIH in which incommensurate periods are clearly distin-
noise is more or less irregular, so that OSC2 is stimulatededuishable[Fig. 3(c)]. From the viewpoint of phase locking,
more or less irregularly. However, OSC2 shows a more pesuch a two-mode behavior corresponds to a nonresonant
riodic response to it through the assistance of nonlinearity oftate which is regarded as a precursor of the transition be-
the chemical reaction. In the same way, the regularization ofiveen 1:1 and 1:2 modes. Thus a phase locking between
the period sequentially occurs with the propagation of stimudfargely separated oscillators not interacting directly with
lation from OSC2 to OSC3, and from OSC3 to OSC4. Iteach other is achieved via irregular oscillations of oscillators
should be emphasized that, although firings on the first eleinterposed between them, in contrast to a phase locking due
ment are purely induced by noise, the coherence of firing iso a direct interaction as in the usual coupled system.
enhanced by the cooperation between coupling and nonlin- Let us now focus on the phase locking due to an indirect
earity of the chemical reaction. We think that the observednteraction, such as that between OSC1 and OSC4, for a
array-enhanced phenomenon is due to an authentic effect iked noise intensitys. In Fig. 4, the evolution of the ISIHs
coupling. Although this phenomenon is apparently similar tofor both oscillators is shown for a variation dfat 8= B,y
noise-enhanced propagation, both greatly differ from eacihend is decreased from 120 to &m, the peak position
other in application of external forcing. Hence the observedf OSC1 remains unchanged, while the peak of OSC4 shifts
phenomenon may be termetray-enhanced propagation to the position of approximately one-half of the initial value.
With further decreasingl, four oscillators behaved like a With a shift of the peak, the profile of ISIH becomes sharper
single oscillator for anys. than that of OSC1, which is predictable from the correspond-
We examined the behaviors of noise-induced oscillationsng coherence measuidig. 2(d)]. Thus changingd can
in terms of phase locking. For this purpose, it is necessargause a transition between 1:2 and 1:1 modes even if an
for the corresponding oscillations to be regular. As seen froninteraction is indirect. This feature is similar to that of phase
Fig. 2, values o3, for four oscillators are almost the same. locking due to a direct interactiof27]. At an intermediate
Hence we investigated the phase locking between OSC1 analue ofd, a two-mode behavior appears on OSC4. Such a
one of three other oscillators @=8,,, with varyingd. In mode also appears on OSC3 whin120 um, as shown in
the strong-coupling regime, a 1:1 phase locking always ocFig. 3(c). This may indicate that, in a linear array of oscilla-
curred over the whole oscillator. In the weak-coupling re-tors, a sequence of mode changes as shown in Fig. 4 is real-
gime, in contrast, various phase-locking modes appeared dezed on the constituent oscillators whdns an appropriate
pending ond. Figure 3 shows the interspike interval value. This may be one of the features of phase locking in a
histograms(ISIH) at d=120 um. Going away from OSC1, linear array of oscillators. It should be noted that phase lock-
the averaged period gradually shifts frdm=49 s of OSC1 ing due to an indirect interaction is governed by CR on the
to T,=102 s of OCSA4. In this connection, the total numbermaster oscillator initiating oscillations, i.e., OSC1, although
of firings of OSC4 reduces to almost one-half of that ofthe features of phase-locking modes are apparently similar to
OSC1. From the period ratib,/ T, being almost 1/2, we see those in directly coupled deterministic oscillators.
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0.4l ® E=oscl | where the variables, v, andw describe the concentrations
& g2a05C4 of HBrO,, the Rubpy)3* catalyst, and Br, respectivelyD,,
£ o3} a7 ] andD,, denote the diffusion coefficients of HBgGnd Br,
% respectivelye, €', f, g, andvy are control parameterg.is the
5 light flux, and B¢; is the electric noise with the noise ampli-
'§ % ] tude 8 and Gaussian white noigg with the duration times.
Z. 7 %ﬂ Here the noise term is considered only at the end of OSC1,

‘ T e osar | namely, the point of contact with the electrode. Then the
kzagsea external control parameters a¢eand 3.

We assume that, in four excitable areas, both reaction and
diffusion are allowed, i.e.;y=1, and in the diffusion areas
separating excitable elements only the diffusion term re-
mains, i.e.,y=0. In the absence of the light flux, these pa-
rameters were chosen such that the system was in the oscil-
60 80 100 120 140 160 180 200 latory regime: q=0.002, f=1.4, €=0.01, ¢ =0.0001, D,

t_[s] =1.0, andD,,=1.12. With increasingp, the period of oscil-
P lation increased monotonously, and finally the excitable

FIG. 4. Interspike interval histograms as a function of the sepaSteady state appeared. We fixed the illumination intensity at
ration d at the noise amplitudg=0.70 V: (@) d=120um, (b) d ~ #=0.008 such that the system was initially in an excitable
=100 um, and(c) d=80 um, wheret, denotes the time interval Fégime close to a Hopf bifurcation point. N _
between successive firing events and histograms are normalized by In the computations, the whole interval was divided into

the total number of firings. equally spaced grids. When the diffusion area is located be-
tween the grid pointsy, and n,,; with an odd numbei
IIl. REACTION-DIFFUSION MODEL (<5), the separatioh between neighboring elements can be

We approximate the present system as a one-dimensionastimated by=n;.;—n,—1. This quantity plays the same role
system consisting of interacting four excitable elementsas the separatiod in the experiment. The boundary condi-
separated by an inactive area, i.e., a diffusion area. We ention at both ends of the interval was taken to be zero flux,
ploy the three-variable Oregonator model modified to takeyhile that between excitable and diffusion areas was taken to
into account the effects of an external electric noise. An eleche free. The noise is subjected to only OSC1 in the same
tric field induces additional drifts of reacting ionic species. Inmanner as in the experimental setup. It is assumed that
r_eaction_—diffusion models, the terms describing those addinsc2 0SC3, and OSC4 are stimulated only through firings
tional drifts appear coupled to a gradient tdi3@]. However,  of the preceding oscillators. The computation was performed

this is not our case, because the electric field is not appliefly e tourth-order Runge-Kutta method with a grid spacing
across the excitable areas under consideration, as seen fr%ﬁzo 05, time steps\t=0.0001, and the duration timé
the experimental setup in Fig. 1. Such a field-induced drift °:50Af Whenl =51, only 68C1 'became oscillatory above a
ions seems not to arise on those areas, although it can OCCUL . : T . . ;
. e rtain value of the noise amplituge, while three other

in the diffusion area between two electrodes. Of three funda-~ . o ; ;

mental species in the Oregonator model, only the inhibitoro,sc'"ators were still in the excitable state. That is, four os-

Br~ is influenced by the electric field, because the activatop'IIatorS were always uncpupled for any vaIug,@fWh_en
HBrO, is not charged and the catalyst(pr)%" is immobi-  the system was brought into the weak-coupling regime by

lized in the beads. Now we assume the following reactiondecreasind, all oscillators became_ oscillatory. We used the
diffusion process, taking into account that the waves are inicoherence measuig; to characterize the degree of coher-
tiated at the point of contact with the electrode. The wave$nce of the induced oscillations. For every oscillagg,
are first excited on OSC1 by a field-induced change in thé@sses through a maximum at the some optimal noise ampli-
concentration of Br around the electrode, and stimulate tUde Bop; With an increase ing. Thus the present model has
0SC2, traveling across the inactive area. Subsequently, tf ability to cause a coherence resonance. When the system
waves travel to OSC3 and OSC4 in a similar manner. Undefas brought in the strong-coupling reginfg, became larger
this assumption, we express the noise term in the form of nd?n the order of 0SC4, OSC3, OSC2, and OSC1, as shown in
a gradient term but an additive term. Then the model equaFig- - The values ofB,, for four oscillators are almost
tions are given by commder_wt. These results are consistent with the experlmeqtal
observations. We checked the occurrence of phase locking
between OCS1 and one of three other oscillators at fxed

d &
== Yu- - w(u-)]+D, . @ |
€ X We now focus on phase locking between the most largely

ot
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FIG. 5. (Color) Coherence measure for four oscillators as a vZ2 0sca

function of the noise amplitudg at d=4.

separated oscillators. Figure 6 shows the evolution of the
ISIHs of both OSC1 and OSC4 At 3, With a decrease in

[, it is clearly seen how the peak periods of two oscillators
approach each other and become coincident at some value of 60000 80000 100000
[. Thus the transition from 1:2 to 1:1 phase locking is con- t
trollable withl. In the transition process, a two-mode behav-

ior, as seen from two peaks with incommensurate periods, fiG. 6. Interspike interval histograms as a function of the sepa-
appears on OSC4 as a precursor to stable phase lockingtion! at the noise amplitudg=1000:(a) |=40, (b) | =26, and(c)
Such a sequence of transitions is consistent with the experi:4, where histograms are normalized by the total number of
mental observations. firings.

p

phase locking between the first element and one of three
other elements by controlling both the noise amplitude and
We have experimentally and numerically investigated thehe separation between elements. The coupling fashion char-
spatiotemporal dynamics induced in a linear array of fouracteristic of the present system is that phase locking between
excitable elements in which the Belousov-ZhabotingR¥) largely separated elements occurs via irregular oscillations of
reaction is localized, where only the first element is sub-elements interposed between them, which is governed by
jected to external noise. The most striking result is that thecoherence resonance of the first element initiating firings.
resonance effect becomes larger for the element being moikhis fashion is entirely different from that of coupled deter-
apart from the first element at the appropriate separation beninistic oscillators. The experimental results have been ap-
tween adjacent elements. We believe that the cooperatigproximately reproduced, using a modified Oregonator model
between coupling and nonlinearity of the chemical reactiorwith a noise term.
plays the essential role for the occurrence of this phenom-
enon, termed array-enhanced propagation. Thus we can say
that a linear array of excitable elements has the ability to This work was supported in part by a Grant-in-Aid for
clean up a noisy oscillation. It is of interest to clarify to what Scientific Research from the Ministry of Education, Culture,
extent such resonance effects are enhanced with a furth&ports, Science and Technology in JapéBrants No.
increase in the number of elements. Further inspection in thi$3640394 and No. 155403)f7and was also supported in
connection is in progress. Furthermore, we have examinepart by Central Research Institute of Fukuoka University.

IV. CONCLUSION
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