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Internal stochastic resonance in two coupled liqguid membrane oscillators
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Internal stochastic resonan@SR) is investigated in two coupled liquid membrane oscillators when only
one oscillator is subjected to environmental noise in the absence of an external signal. Comparing the responses
of both subsystems, it is found that enhancement or suppression of ISR for each oscillator depends on the
coupling strength, that synchronization of the two oscillators can occur only at strong coupling strength, and
that ISRwithout tuningcan also occur under certain conditions in the above-mentioned models.
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[. INTRODUCTION CR and that CR without tuning can occur under proper con-
ditions in a one-way coupled systdi32].

Stochastic resonand8R) [1], a phenomenon in which a It is well known that bio-oscillation is one of the most
small periodic force can be amplified by an optimal environ-important properties of living organisms and plays a key role
mental noise, has been extensively studied in many nonlined? maintaining life[7,8]. Because of their same dynamic be-
systems, such as physid@—4], chemical[5,6], biological ~ haviors, membrane oscillators are considered to model the
[7,8], and sensory9] systems. Later, internal SRSR) membranes of some sensory cells, such as olfactory and gus-
[10,11], or autonomous SRL2], or coherent resonan¢€R) tatory cells[7,33—35. Various excitable artificial membranes
[13], was studied by replacing external signals with internalhave been extensively studied and used as effective models
signals coming from noise-induced oscillation of the sys-for bioexcitable systems36]. Of them, the oscillation behav-
tems. Our groud14] described a type of ISR where the ior of an oil-water liquid membrane is typical, and
internal signal comes from the period-1 oscillation instead offoshikawa and co-workers proposed a model for this liquid
an external signal or a noise-induced deterministic oscillatioinembrane from experiment resu[83—-395. In this model,
in the Belousov-Zhabotinsky reaction. the SR phenomenon was studied theoretically by adding en-

In studies of SR, coupled systeriis—3Q have attracted Vironmental noise in different environment$0,11,37. So
much attention because coupled systems can well exhibf@r there is apparently no report on ISR of two coupled oil-
complex phenomena. Jurgg al. [17] observed the amplifi- water liquid membrane oscillators. In the present paper, our
cation of a periodic force within a certain range of noisemajor motivation is to investigate the behavior of ISR when
intensity in globally coupled bistable systems. Inchiosa andhe first oscillator is subjected to environmental noise with-
Bulsara[19] reported that coupling enhances SR in globallyout an input signal in two coupled liquid membrane oscilla-
and nonlinearly coupled systems. Later, the two importantors. Itis found that the system has many dynamic behaviors,
phenomena of array-enhanced stochastic reson@EsR)  for example, coupling enhancement or suppression of ISR
and spatiotemporal synchronization of coupled oscillatordor each oscillator, synchronization of the two coupled oscil-
were demonstrated both in theofg8] and in experiment lators, and ISR without tuning. Due to the cooperative inter-
[31]. These studies show the positive roles of environmenta®ction of environmental noise and coupling, these phenom-
noise, i.e., AESR and noise-induced synchronization, ireha cannot occur in the corresponding single oscillator.
coupled systems. The above-mentioned studies of SR are

based on the idea of modulating the coupling strength and Il. DYNAMICAL MODELS

coupling chain length in coupled systems, while other studies

of SR are not based on this idea, but on the idea of modu- A. The original model

lating other parameters. For instance, our grf2f 27 has The model used in the present work was proposed by

found that SR can occur in two delayed coupled oscillatorsyoshikawa and co-workefi83—35. The whole process can
by modulating the frequency and initial phase of the inputhe shown as follows:

signal with the perturbation of environmental noise. All of

these studies indicate that coupling is very important in SR X, — X

of nonlinear systems. Very recently, in the case without ex- \

ternal signal, the phenomenon of coupling-enhanced Z3R A\

or array-enhanced CIR24,29,3Q was studied in coupled Z,— bulk organic phase

neuron systems. Various synchronizations were found in /

coupled excitabl¢21], neuron[22—-24,29,3Dsystems. Jiang Y, — v,

and Xin stated that coupling can sustain the propagation of
in which X, andY,, are the concentrations of surfactant and
cooperative species in the bulk agueous phase, respectively;

*Corresponding author. Fax:86-10-6891-2665. Xi, Y;, andZ; are the concentrations of surfactant, coopera-
Email address: gsli@bit.edu.cn tive species, and their aggregate, respectively, near the oil-
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water interface. Briefly, the specieé and Y arrive at the S0l SPM S02
oil-water interface through diffusion from the bulk aqueous oil ~ il
phase and form aggregates there. When the concentration of
the aggregate reaches a critical value, it is abruptly trans-
ferred to the organic phase. The repeated formation and dis-
ruption of the monolayer of the aggregate on the interface

FN

results in oscillation. The related dynamic equations are ex- - ,;{z;//z | PR |y
: interface p X ¥ Zi 4| Vi Wil q
pressed as followEl0,37: epdi 1 £i7 Ui Vi W] interface
water || water
dxi ~ oo |~~~
H:Dx(xb7Xi)7Klziy (2) PO T | ERR | PO RS

X% %l %

dy, [ ]
E:DY(Yb_Yi)_KZZiy ©) ‘H—_‘H' ‘H_W
3 4

dz; 1 2

St = Ka(Xi+ YD)~ K4G(Z)). 4

i
Here the first terms on the right-hand sides of E@$.and noise

(3) denote the diffusion for the case where only a linear FIG. 1. An experimental arrangement corresponding to two

concentration gradient exists; the second terms represent tleeupled systems. SO1, the first stochastic oscillator; SO2, the
feedback from the decomposition of the aggregate The  second stochastic oscillator; SPM, the selective permeable mem-
first term in Eq.(4) gives the rate of formation d;, and the  brane.

second term corresponds to the rate of escaj®g obm the

interface to the bulk organic phaseG(Z;) is a nonlinear Here, the local and linearly coupled dynamic equations
N-shaped function that enables the system to be excitable. #ire expressed as follows. For the first stochastic oscillator
is generally expressed as follows: (SOY,
= 3 2 . dX;
G(Zi)=KsZ+KgZi +K7Z;+Kg. (5) (Tt':Dx(Xb—Xi)—KlZi,
For further details and the meaning of parameters of this
model, we refer to Ref§.10,37). dv,

ot~ Pv(Yo— Y =Ky,
B. Two coupled models

Styles of coupling include global, linedd 7,19, local, dz
and nonlineaf18,31]. In the present work, we adopt local W:K3(Xi+Yi)—K4G(Zi)+Kd(Wi—Zi); (6)
and linear coupling and set the coupling only through the
aggregate in Eq(3), i.e., Z coupled withW. A coupled
model for this kind of system is developed on the basis of th
original model. Work on global coupling througX, Y, Z

éor the second stochastic oscillat@02),

coupled withU, V, W, respectively, is under consideration %—D (Up—U;)— KW,
and will be published in the future. dt U b CE
161(a) 20040 z
—W,
FIG. 2. Time series o¥Z; (a)
andW; (b) and the corresponding
power spectral densityPSD (c)
with 8=0.002 andK4=0.1. Pa-
rameters:Xo=U,=2.56, Y=V,
=2.82, Dy=D,=0.30, Dy=Dy
2005, K]_:O.G, K2:0.1, K3
=K,=5.0, K5=0.3, Kg=—2.0,
K;=3.4,Kg=—1.0.
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i 4 show whereX,, Yy, Uy, andV, enters, respectively. In
Gt~ Pu(Ve= Vi) —KaWi, this way, the experimental arrangement is devised for a two-
coupled-oscillator system. It is a pity that we could not do
dw, this experiment because of restrictions of conditions.
W:K3(Ui+vi)_K4G(Wi)+Kd(zi_Wi) (7
Ill. RESULTS AND DISCUSSION

whereXy, Yy, X;, Y;, andZ; are the same as abovd,, To investigate ISR, the environmental noise is added only
Vi, Ui, Vi, andW; are the corresponding variables of SO2; g the control parametex,, of the first subsystem ar, is
K4 is the coupling strength of the two oscillatorsG(Z;) replaced by
andG(W,) have the same expression:
., Xo=Xp+ BE(1). (10)
G(Zi)=K52i +Kezi +K7Zi+K8, (8)
X} is the constant concentration Xfat the steady state, and
G(W,)=KsW3+ KgW?+ K,W, + Kg. (9) B is the intensity of Gaussian white noigét) with zero
mean value(£(t))=0 and unit variance(&(t)&(t+ 7))
Based on Eqs(6)—(9) and Refs[15,16), we suggest an =45(7). £(t) is generated by a band-limited white noise
experimental arrangement corresponding to the two coupledgenerator. In the experimental arrangemeftjs modulated
subsystems shown in Fig. 1. The right and left layers correby adding the white noise to the first entrance as shown in
spond to SO1 and SO2, respectively, and both layers ar€ig. 1. We simulate Eqg6)—(10) numerically by using the
reaction layers, while the middle layer is a selective permeEuler method for 2000 s with a time step of 0.01 s. To mea-
able membran€éSPM), which permits permeation of onB; sure the ISR, the last 16 384 points are used to obtain fre-
and W;, and is not permeable to other species. Thus theuency spectra by fast Fourier transfofamplitudeg. Based
coupling between SO1 and SO2 is through diffusionZpf on frequency spectra, the signal-to-noise rd8&R) is de-
and W, into or out of this layer. The coupling strength de- fined asH(Aw/w;) ! as in Ref[12], whereH is the height
pends on the diffusion coefficients. The positions 1, 2, 3, anaf the spectrumpw; is the frequency at the maximum peak,

@ z ® z
1000 1000
0
S 0- 0 ;= 0.1
-(% 0.000 0.005 FIG. 4. Thz_a SNR versus noise intensity for
E (d) constant coupling strengtiy=(a) 0.01;(b) 0.1;
Z Z (¢ 0.5; (d) 0.8. Other parameters as in
« Fig. 2.
1000/ 1000
() I i 0 |
0.000 0.005 0.000 0.005

Noise intensity 8 (arb.units)
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2000 FIG. 5. Time series of; andW, at different
.......... _ coupling strength for3=0.005. K4=(a) 0.01;
w (b) 0.1; (c) 0.5; (d) 0.8. Other parameters as in
' Fig. 2.
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i.e., the frequency of noise-induced internal signal, Aads  lation can be transferred to subsequent subsystems, i.e., the
the width of the peak at its half height. Thus the SNR de-third, fourth, fifth, and so on. In the following sections, we
pends on two factors. One is the height of the output peak ofvill investigate the ISR of each oscillator by varying the
the system, becaud¢ changes with increase of noise inten- noise intensity and coupling strength, respectively.

sity; the other isA w/w¢, which is the relative width of the
peak. Here, each point of the SNR versus noise intensity or
coupling strength is obtained by averaging 20 runs.

When environmental noise is added only to the first oscil- Figure 3 shows the SNR fda£; andW; of the two oscil-
lator, i.e., SO1, both SO1 and SO2 display the behavior ofators versus noise intensity at constant coupling strength.
oscillation. This means that the oscillation is transmitted toFor SO1 whenKy is small, not larger than 0.1, the SNR
S02 by coupling. Diagrams of the time series of each oscilincreased initially and then dropped with increase of noise
lator and the corresponding power spectral der§iyD) are  intensity. It is seen that the maximum peak of the SNR at
given in Fig. 2. By comparing Fig.(3d) with Fig. 2(b), it is K4=0.01 is higher than that of the SNR dt;=0.1. When
seen that the contour &#;(SO2) is smoother than that of the coupling strength increasesKg=0.5, the curve of the
Z;(S01), which illustrates that the coupling suppresses th&NR shows a plateau at high noise intensity. The height of
destructive role of noise and plays the role of a noise filtetthe plateau is greater than the height of the maximum SNR at
for SO2. From Fig. &), it is found that the spectral peak of K4=0.01. This implies that the value of the coupling
Z; is higher and wider than that &F;. These indicate that strength, i.e., coupling, can influence the ISR of SO1. For
the coupling can transfer the noise-induced oscillation ofSO2, however, the SNR always increased with increase of
SO1 to SO2 in a two-coupled-oscillator system when envinoise intensity at anKy value and came to a plateau. The
ronmental noise is added only to SO1, and the coupling playkeight of the plateau increased with increase of coupling
the role of a noise filter for SO2. We presume that the oscilstrength, which implies that the ISR of SO2 is enhanced by

A. Varying noise intensity with constant coupling strength

@) ——Z at $=0.006 (© ——Z,at $=0.006
.......... Z at §=0.008 300+ [ — Z at p=0.008

08} FIG. 6. Time series ofZ; (a)

1800 1900 2000 andW,; (b) and the corresponding
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- W, at = 0.006 =0.006 (solid line) and 0.008
b X () — = B=0. :
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increasing coupling strength. These results suggest that the synchronization of the two coupled oscillators. Synchroni-
enhancement or suppression of ISR for SO1 and SO2 deration of CR has been reported in coupled excitable systems
pends on the coupling strength. at an optimal noise intensity21] and in neuron systems at
Gammaitoniet al.[38] put forward the idea of controlling not too high noise intensity23,24]. Our result shows that the
SR in a modified Schmitt trigger and later did extended andynchronization can appear not only at an optimal noise in-
extensive work on controlling SRB9]. They realized control tensity, and at not too high noise intensity, but also at high
of SR by adding into the system another periodic modulatiomoise intensity when the coupling is very strong.
and considered the initial phases of the two periodic signals Now we would like to go back to Fig. 3 to discuss the
as a tunable parameter, which leads to the enhancement apthteaus of the SNR. For SO1, the plateau appeared when
suppression of SR. In the present work, we give a way oK =0.5 andB=0.005, the dotted line in Fig.(8. For SO2,
controlling ISR in a coupled system by varying the couplingthe plateau appeared at aidy value, if 3=0.005, the dotted
strength between two coupled subsystems. line in Fig. 3b). The phenomenon that the SNR at plateau
In order to show clearly the ISR for two oscillators, the does not change with increasing noise intensity may be
curves 1, 2, 3, and 4 in Figs(a8 and 3b) are compared in called ISR without tuningfor the noise intensity in coupled
Figs. 4a), 4(b), 4(c), and 4d), respectively. It is seen from systems. This phenomenon is further confirmed in Fig. 6. It
Fig. 4 that the difference of the SNR valueshfandW, is  is found that the time series & in Fig. 6(@ and the corre-
very large atk4=0.01, and this difference decreaseXgt sponding PSD in Fig. @) at 5=0.006 almost overlap with
=0.1; when the coupling strength is strong, i.€3=0.5, those of3=0.008 wherK4=0.8, andW; has similar results
however, the two curves become almost identical. This indito Z; in Figs. b) and &d). This illustrates thaZ; andW; do
cates the occurrence of synchronization for two coupled subaot change in the plateau range @#0.005.
systems when the coupling strength is large enough, The phenomenon of ISR without tuning for noise inten-
=0.5. To confirm the phenomenon of synchronization of thesity can be understood from the definition of the SNR. At
two oscillators, the time series of the two oscillators areK; =0.5, when the noise intensity is less than 0.005, the first
shown in Fig. 5. WherK, is small K4=0.01), i.e., a weak factorH and the second factdrw/w; increase with increase
interaction between SO1 and SO2, SO1 transferred only af noise intensity, butH increases more quickly than
little energy to SO2, which resulted in a weak oscillation of Aw/w¢, which leads to the increase of the SNR with in-
SO2. As the coupling strength exceeded a specific value, 0.5reasing noise intensity. When noise intensity is equivalent
SO1 exchanged energy efficiently with SO2, which enhancetb or more than 0.005%;1 andA w/ w; are almost constant as
the amplitude of SO2 almost identically to that of SO1. Thisshown in Figs. &) and €d), which result in the situation

a ——Z ——Z 1(c ——Z
eoo-( ) ., 1600+ (b) . © W
1600
)
(= FIG. 8. The SNR against cou-
f’,- pling strength foiZ; (squaresand
@ 3004 ! 800 W, (pentagonk at constant noise
o 800+ intensity. A=(a) 0.0001; (b)
% : 0.002;(c) 0.005. Other parameters
as in Fig. 2.
T l T T T | v T T T T T T
0.0 0.5 1.0 0.0 05 1.0 0.0 0.5 1.0

coupling stength K (arb.units)
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that the value of the SNR does not change with increase of Collins et al.[40] found that SR without tuning can occur
noise intensity. It seems that the two coupled oscillatorsn a single oscillator in the presence of an input signal. Jiang
could be resistant to the effect of noise at high noise intensit@nd Xin[32] found that the phenomenon of CR without tun-

whenK =0.5. It is very important to study the role of noise INg for noise intensity can occur at a certain coupling
in coupled bioexcitable systems. strength in a one-way coupled Brusselator model in the ab-

sence of an input signal. Our result is in good agreement

with theirs, and the phenomenon of ISR without tuning for

coupling strength can also occur at a certain noise intensity
Figure 7 shows the SNR versus coupling strength at sevn the absence of an input signal. ISR without tuning is very

eral constant noise intensities. It is found from Figg)hat ~ IMPortant to internal signal processing and transferring, and

the SNR ofZ; decreased with initial increase of coupling we expect that such SR, CR, and ISR without tuning could

strength both aj3=0.0001 in curve 1 and g8=0.002 in occur in neural networks and other systems.

curve 2, while increasing monotonically g&0.005 in curve

3. However, at each noise intensity the SNRMfincreased IV. SUMMARY

with increasing coupling strength as shown in Fig)7The The internal SR of two coupled oil-water membrane os-
comparison of SO1%;) with SO2 (W;) is shown in Fig. 8. cillators is investigated only when the first oscillator is sub-
The decrease d@; at low noise intensity, i.e3<0.002, isin  jected to environmental noise. It is found that coupling
contrast with the increase ¥¥;, which is a consequence of strength is a key factor in the dynamic behaviors of the
energy transfer from SO1 to SO2 when coupling occurs. Atoupled systems. When coupling strength is small, Kq.,
high noise intensity, the energy transfer did not lead to a<0.5, the synchronization of the two oscillators cannot occur
decrease of the SNR &, due to a sufficient supply of en- due to the weak coupling effect between the two oscillators;
ergy from noise. At any noise intensity, the valueZpfand ~ WhenK4=0.5, however, the synchronization of the two os-
W, go to stable values, that is, plateaus appear, wKgn cillators can occur due to the strong coupling eff_ect. It should
=0.5. The values oZ; andW, are about 300 in Fig. (@), be recognlzed that enhancement or suppression of ISR for
1200 in Fig. b), and 1600 in Fig. &), respectively. It in- two oscillators depc_end stron_gly on the coupling strc_ang;h.
dicates an occurrence of synchronization when Coup“nq:urthermore, ISR without tuning can occur versus noise in-
strength is strong, i.eK,=>0.5. Similarly, we call the phe- ENSity atky=0.5 for SO1 and at any, value for SO2.
nomenon ISR without tuning for coupling strength in Similarly, ISR without tuning can also occur versus coupling
coupled systems. To confirm this phenomenon, the time sétrength akq=0.5 both for SO1 and for SO2, regardless of
ries of each oscillator are plotted in Fig. 9. The time series of€ 8 value. From the present and previous wftB, 19,33,

Z, in Fig. %@ and the corresponding PSD in Fig(cD at it seems that the_ main opservatlon above is a genere_ll phe-
K,=0.6 almost overlap with those oK,=0.8 when nomenon of nonlinear oscillatory systems, especially biosys-
8=0.005. Similarly, the time series ¥, in Fig. 9b) and the tems when processing b|olog|cal informati8]. We expect
corresponding PSD in Fig.(8) at K,=0.6 almost overlap the present result could contribute to the study of SR and ISR

with those ofK4=0.8 whenB=0.005. The phenomenon of in many coupled systems.
ISR without tuning for coupling strength can be attributed to
high coupling strength, which unites the two oscillators by
fast transfer of energy. It seems that in a coupled system the The present work was supported by a specialized research
two coupled oscillators could be resistant to coupling at highfund for the doctoral program of higher education. We are
coupling strength. It is very important to study the role of grateful to Professor Zhi Ming Gao, Dr. Rui Zhu, and Ai
coupling in coupled bioexcitable systems. Zhong Lei for helpful discussions.

B. Varying coupling strength with constant noise intensity
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