
PHYSICAL REVIEW E 66, 046204 ~2002!
Experimental observation of coherence resonance in an excitable chemical reaction system
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Department of Applied Physics, Fukuoka University, Fukuoka 814-0180, Japan

~Received 28 February 2002; published 9 October 2002!

Dynamics of an excitable Belousov-Zabotinsky reaction system under an external noise are investigated
using cation exchange beads loaded with the cationic catalyst. When a noise amplitude is increased above a
certain value, an oscillatory state appears. It is shown that the coherence of these noise-excited oscillations is
maximal for a suitable value of the noise amplitude. This phenomenon is characterized by using various
statistical measures, such as the signal-to-noise ratio in the power spectrum, the correlation time of the
noise-excited oscillation, and the standard deviation of time intervals between successive firing events. We find
the experimental evidence that the period of coherent oscillation is determined by a characteristic time scale of
the system.
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The dynamic response of nonlinear systems to exte
noise has been extensively investigated. Of particular inte
is the phenomenon of stochastic resonance~SR!, arising
when a certain amount of noise is superimposed on a
threshold signal@1–5#. This phenomenon, which is chara
terized as the enhancement of the response to a weak
signal, has been observed in many nonlinear systems su
an excitable or a bistable system. Recently, it has been sh
that, even in the system which no external periodic forc
was assumed in contrast to the usual setup of SR, noise
be helpful in inducing a coherent behavior@6–8#. Pikovsky
and Kurths showed that the correlation time of the noi
induced oscillation is maximal for a certain noise amplitud
using the excitable FitzHugh-Nagumo system@8#. This SR-
like behavior was named coherence resonance~CR!, which
was also called autonomous SR@6,9# or internal signal SR
@10#. The similar phenomenon was recently found also i
bistable system@11#. The most striking characteristic of CR
is that a time scale of induced oscillations is determined
by an external modulation as in stochastic resonance bu
an intrinsic dynamics of the system. Experimental obser
tion of CR was reported on the excitable system usin
monovibrator circuit@12# and an optical system using a las
diode@13#. To our knowledge, however, an experimental e
dence of the involvement of intrinsic dynamics in the indu
tion of CR has never been shown explicitly.

In this paper, we experimentally investigate the respo
of an excitable chemical oscillator to noise in the elect
field. We use a discrete type of the Belousov-Zabotins
~BZ! reaction system@14,15#, in which the tris-~2,2’-
bipyridine! ruthenium~II ! complex, Ru(bpy)3

21 , is immobi-
lized in the cation exchange beads of a submillimeter s
Then the excitable steady state is realized by utilizing
photosensitivity of Ru(bpy)3

21 . We find the phenomenon o
CR and show the evidence that the CR is deeply relate
intrinsic dynamics of the system.

Electric fields are known to exhibit pronounced effects
dynamic behaviors of chemical waves@16–19#. Sensitive re-
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sponses to electric fields are related to the fact that m
chemical species relevant to wave propagation are ionic.
electric field was applied across the bead with the aid
platinum wire electrodes of 0.6 mm in diameter. Electrod
were placed 2 mm apart and parallel in the liquid layer. T
bead was placed in contact with one of two electrodes. T
initial composition of the BZ reaction solution wa
@NaBrO3#50.36 M, @NaBr#50.044 M, @CH2(COOH)2#
50.21 M, @H2SO4#50.65 M. Reagent grade chemica
were used without further purification. The cation exchan
beads of about 0.5 mm in diameter were loaded with
Ru(bpy)3

21 solution of @Ru(bpy)3
21#52.031025 mol/g

beads. When the Ru(bpy)3
21-loaded beads were suspended

the BZ solution, the redox reaction with a limit cycle a
peared on the surface of the beads after the elapse of a
tain time. The color change due to the redox reaction w
transformed into the change in light intensity by the imagi
system. The temperature of the BZ solution was maintai
at 2460.5 °C. The photoinhibition or photoinduction of th
oscillation is known to occur depending on the initial com
position of the BZ solution, because the catalyst Ru(bpy)3

21

is photosensitive@20#. In the present system, the effect of th
photoinhibition was observed, as shown in Fig. 1. One c
see that the period of oscillation increases monotonou
with increasing the intensity of illuminated light, and final
the excitable steady state appears above about 9 mW.
period under the dark was obtained asT0563 s by a best
curve fitting to the data. This value is considered to be
period of the intrinsic oscillation in the present system. T
Hopf bifurcation is generally subcritical for the light flux. W
selected the excitable steady state near the Hopf bifurca
point for the study of the CR effect. The added noise
represented byDjd(t), whereD is the amplitude, andjd(t)
are random numbers equally distributed between21 and 1
with the duration timed.

Figure 2 shows the dependence of the temporal behav
of the light intensity from the BZ oscillator on the level o
input noise, where we chose the duration time ofd
50.225 s and the illuminated light intensity of 10.0 mW. F
a small noise amplitude, the system exhibits no respo
@Fig. 2~a!#. When the noise amplitude is increased abo
©2002 The American Physical Society04-1
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about 400 mV, the oscillation, though irregular, appe
abruptly@Fig. 2~b!#. When the electric field is turned off, th
system is entirely restored to the excitable steady state.
suitable values of the noise amplitude, the oscillation
comes almost periodic@Fig. 2~c!#. When the noise amplitude
is further increased, the oscillation becomes irregular ag
accompanied by the decrease of the firing rate@Fig. 2~d!#.
These behaviors are characterized by the power spectr
time series shown in Fig. 3. The spectrum correspondin

FIG. 1. Period of chemical oscillation as a function of intens
of illuminated light. The dash line divides the region into the osc
latory state~OSC! and the excitable steady state~SS!.

FIG. 2. Time series of the light intensity from the chemic
oscillator as a function of the noise amplitudeD: ~a! D5350 mV,
~b! D5600 mV, ~c! D5750 mV, and~d! D5900 mV. Upward
and downward arrows indicate the time at which the electric fi
was turned on and off, respectively.
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Fig. 2~c! exhibits a higher and narrower peak at a high
frequency than those of Figs. 2~b! and 2~d!. It should be
noted that the peak frequency of the most regular oscilla
completely coincides with the natural frequency under
dark, namely,f 051/T0515.9 mHz. This suggests that a c
herent oscillation occurs around the moderate noise le
and its period is determined by a time scale of the intrin
dynamics of the system. With an increase in the noise a
plitude, the principal peak frequencyvp of the power spectra
increases until a maximum is reached, and then decrea
This behavior is inconsistent with the results reported ear
@8,12,13#, in which vp increases monotonously with increa
ing the noise amplitude. To characterize the noise-indu
coherent behavior observed in the power spectra, we ca
late the factorb5h/(Dv/vp)

21 as defined in Ref.@6#,
where h is the peak height normalized to the noise bac
ground atvp , Dv is the width of the peak at half-maximum
height, and thusDv/vp is the relative width of the peak an
its reciprocal corresponds to the quality factorQ of a signal.
Therefore,b represents the degree of the coherence. Figu
shows the dependence ofb on the noise amplitude. One ca
see thatb passes through a maximum atDopt5770 mV with
an increase inD. To further characterize the coherent beha
ior, we introduce other quantities. One is the normaliz
autocorrelation functionC(t) defined by

C~t!5
^ Ĩ ~ t ! Ĩ ~ t1t!&

^ Ĩ 2&
, ~1!

whereI (t) is the light intensity from the BZ oscillator,t is
the delay time, andĨ (t)5I (t)2^I &. All the calculated cor-
relation functions show underdamped oscillations, but th
damping constants are much smaller for the moderate n
level. The characteristic correlation time is then evaluated
tc5*0

`C2(t)dt, following Pikovsky et al. @8#. In limited
and discrete sampling as in the present case,tc is evaluated
by

d

FIG. 3. Power spectral densities~PSD! of the time series in Fig.
2. Here~a!, ~b!, and ~c! correspond to~b!, ~c!, and ~d! in Fig. 2,
respectively.
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tc5 (
k51

N

C2~tk!Dt, ~2!

wheretk5kDt with Dt being the sampling time, andN is
the longest delay-time number with delay-time increm
Dt. Figure 5 shows the dependence oftc on the noise am-
plitudeD. Thetc-D curve clearly shows the coherence res
nance maximum atDopt.

A time interval between successive firing eventsT,
namely, the instantaneous period, fluctuates depending o
noise level, as seen from Fig. 2. Further confirmation of
is achieved by evaluating these fluctuations. Then we ca
late Ru , the standard deviation of the normalized time int
val u5T/^T&, ^T& being an average value ofT. In Fig. 6~a!,
Ru is plotted as a function of the noise amplitude. The mi
mum is clearly observable atDopt, thus evidencing that ther
always exists the optimal noise amplitude that induces
most regular oscillation. When a noise with a longer durat
time d50.625 s was chosen, the optimal noise amplitu

FIG. 4. Degree of the coherenceb5h(Dv/vp)
21 as a function

of the noise amplitude. The solid line is drawn to guide the eye

FIG. 5. Correlation time of noise-induced oscillations as a fu
tion of the noise amplitude. The solid line is drawn to guide the e
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was shifted to the lower value,D5720 mV, as shown in
Fig. 6~b!. Nevertheless, the period of the most regular os
lation was equal to that in the case ofd50.225 s, i.e., 63 s.
This confirms the participation of the intrinsic dynamics
the occurrence of CR. Thed dependence of the optimal nois
amplitude has been also observed in the stochastic reson
in the photosensitive BZ reaction system@21#. The phenom-
enon of CR was not observed for extremely large or smald.

We checked how the excitability and coherence resona
properties vary with increasing illuminated light intensity b
yond the bifurcation point. The phenomenon of CR was s
observed for an increase in illuminated light intensity up
about five times; the optimal noise amplitude hardly varie
but the resonance peak became lower with increasing
light intensity. In addition, the average period of induc
regular oscillation remained almost equal to the per
T0 under the dark. For extremely intense illumination, ho
ever, no resonance was observed. Further detail work i
progress.

The time interval is described by the sum of two chara
teristic times: an activation timeta and an excursion timete.
Those times have the different sensitivity to noise, which
considered to be responsible for the occurrence of CR.
excursion time is almost independent of the noise amplit
and has the role of a refractory time during which next firi
cannot spontaneously occur. In contrast,ta generally de-
creases with the noise amplitude according to the Kram
formula @22#. Hence, the average value of the time interv
^T& is expected to decrease with increasing the noise am
tude. Such an expected behavior has been observed in
the numerical simulation and experiments@8,12,13#. How-
ever, this is not the case for the present experiment;^T&
increases for increasing the noise amplitude beyond the
timal value, as shown in Fig. 3. Thus, it seems that the
pearance of CR is deeply related to the nature of the ex
able system. According to the Field, Ko¨rös, and Noyes
mechanism, sensitive responses to electric fields are ma
related to a field-induced transport of the inhibitor Br2. Such
an additional flux of Br2 is proportional to the ionic mobility

-
.

FIG. 6. Standard deviation of the normalized time interval a
function of the noise amplitude:~a! noise pulse lengtht50.225 s
and ~b! t50.625 s. Solid lines are drawn to guide the eye.
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of Br2 that depends on the diffusion coefficient. Strong no
electric field with D.Dopt forces the rapid change in th
transport direction of Br2. However, Br2 cannot diffuse in
response to such a rapid change because of the finite d
sion coefficient of Br2. As a result, a field-induced redistr
bution of Br2 would likely be incomplete. This may accoun
for the unexpected behaviors ofvp in Fig. 3, namely, the
decrease invp for increasingD aboveDopt.

In conclusion, we have experimentally investigated
fects of an external noise electric field on the excitable
chemical reaction system. We have shown the existenc
coherence resonance by using various statistical quant
the signal-to-noise ratiob in the power spectrum, the corre
lation time of the noise-excited oscillation, and the stand
deviation of time intervals between successive firing eve
tur
.
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We have demonstrated that, at an optimal noise level,
period of coherent oscillation is determined by the time sc
of the intrinsic dynamics of the system and not by an ext
nal periodic signal as in stochastic resonance. The pre
system, which is controlled by two independent bifurcati
parameters, seems useful for the study of different type
noise-induced enhancement of the temporal regularity.
cently, the phenomenon of noise-enhanced synchroniza
has been observed in the BZ system similar to the pre
one @23#.
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