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Noise-induced oscillation and stochastic resonance in an autonomous chemical reaction system
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An autonomous three-variable chemical reaction model, which has been developed to describe kinetic
oscillations in the N@ CO reaction, subjected to external parametric noise, is investigated. Noise-induced
coherent oscillationeNICO’s) in the absence of deterministic oscillations are observed near supercritical Hopf
bifurcation points, and the NICO strength goes through a maximum with increments of noise intensity, char-
acteristic of the occurrence of stochastic resonance. On the other hand, these phenomena do not appear if the
limit cycle is created by a saddle-loop bifurcati¢81063-651X99)07511-X]

PACS numbd(s): 05.40—a, 82.65.Jv

[. INTRODUCTION arises: is this assertation a universal criterion, or just appli-
cable to the specific model?
The phenomenon of stochastic resonaf8B) has been In the present work, we have adopted a chemical catalytic

extensively studied in the past decadds. Since it was reaction system, the NOCO catalytic reduction system, to

originally proposed to account for the periodic oscillation of study the NICO and henceforth ISSR behavior. We prefer a
the Earth’s ice agef2], more and more scientists, the ma- chemical reaction system rather than the mathematical dy-
jority from biology, physics, and chemistfig], have paid namjc model proposed in tgxtboqks because of its realistic
considerable attention to the rather “counterintuitive” phe- @Pplication and abundant bifurcation character. For the sys-
nomenon that noise with suitable intensity can increase thi€M under consideration here, for example, kinetic oscilla-
detectability of a weak input signal to a nonlinear system: thé!ONS aré observed which can be created via supercritical

signal-to-noise ratio goes through a maximum with the varia-HOpf bifurcation or saddle-loogSL) bifurcation. So it has

. L . - . provided an appropriate model for us to determine what on
tion of the noise intensity. The original model of S_R |_ncIL_1ded Earth plays the key role in generating NICO and ISSR be-
a symmetry bistable system, a weak input periodic signal

e . . ) haviors. According to the present work, we found that NICO
anld add|t|vef§xterna|I. G?“SS';‘“ white nr(?é,]a With thef g|e:g h and ISSR also exist near Hopf bifurcation, but they do not
velopment ot its application, however, the concept o a‘f‘ippear near the SL bifurcation, which is counterexample to

been widely extended. For example, the nonlinear systerganne| and Stroget's assertation. Our work implies that bi-
can be monostabls], excitable[6], threshold fred7], spa-  frcation character may play an important role in the ob-
tially extended 8], etc; the input signal can be aperiodic or geped dynamics in the presence of external noise.

even chaoti¢9]; and the noise can be colored, multiplicative

or even be the intrinsic randomness of a deterministic chaotic
system[10]. Il. MODEL AND RESULTS

Very recently, Gangt al.[11] proposed that the external The catalytic reduction of NO with CO on @00 has
signal can also be replaced by an “internal signal,” such ageen extensively studied both experimentally and theoreti-
periodic oscillation in a deterministic system. When the conally. Many interesting dynamical phenomena have been ob-
trol parameter is located near the bifurcation point between 8erved, including kinetic oscillation, chaos, and pattern for-
stable node and a limit cycle, where the deterministic steadynation[13—17. The reaction is assumed to process via the
state is the stable node, noise induced coherent oscillatiomolecular dissociation of NO on the surface as the rate-
(NICO) is found, and the strength of the NICO reaches aimiting step, which is followed by the reaction of an oxygen
maximum with increments of the noise intensity, showingatom with adsorbed CO to form G@nd the recombination
the characteristic of SR, a phenomenon which here we cabf nitrogen atoms to form Nas follows:
internal signal stochastic resonan@&SR). Soon later, Rap-
pel and Strogef12] presented a simple numerical analysis CO+*=CO,, (1a)
which suggested that these effects were simple consequences
of the nonuniformity of the motion along the limit cycle.

They finally proposed that the mechanism of the creation of NO+*=NGQ,, (1b)
a limit cycle in this system is an infinite-period bifurcation,
and stated that “one would not expect to find this type of NO,+* —N,+0,, (10)
stochastic resonance in systems whose oscillations are cre-
ated by Hopf bifurcations.” Now a straightforward question
y Hop g g ON,— N+ 2%, (1d)
* Author to whom correspondence should be addressed. CO,+0,—CO,+ 2%, (1e
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where the asterisk araldenote a free adsorption site and an
adsorbed species, respectively. Following R&7], the rate (@)
equations for the three adsorbate coveraggs; 6o and 6o 0.501
read S
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These equations describe the adsorption and desorption of N
NO and CO k;, kp, andk,), the dessociation of NOKE), 0.1+ N /h
and the surface reaction betweegpdhd CQ(kz). The num- T e i —
ber of empty sitesfenpy, depends on the NO, CO, and 410 412 414 416 418 420 422
oxygen coverages. If they exceed certain valwﬁgco and T(K)

05", no free sites are available and NO dissociation is inhib-

ited. The various constants, which depend on temperature via FIG. 1. Typical bifurcation diagrams for the NGCO reduction
Arrhenius lawk; = v;exp(—E;/RT), are all taken from experi- system. Solid line: stable node; dashed line: unstable node or foci;
ments. Notice that the activation energy for NO and COdotted line: the amplitude of the oscillatiof@ h1l andh2: super-

desorption,Egg' €O decrease with increasing coverage duecritical Hopf bifurcation.(b) sn1 and sn2: saddle-node bifurcation;

to repulsive interactions: sl: saddle-loop bifurcatiorh; Hopf bifurcation.

ENO- €9 9) =ENICY0) — kg( Ono+ Oco)?, Ono(t), which indicates the occurrence of NICO. With in-
crements oD the peak becomes higher and wider, and) if
which proves to be necessary for the occurrence of kinetigs too large, the peak is annihilated into the noise back-
oscillation. ground. This behavior is depicted in Fig(a where the

Figure 1 displays two typical local bifurcation diagrams power spectrum curves are obtained from averaging over 100
concerning the creation of limit cycle of the modsée Ref. independent runs for eadh. Interestingly, it seems that the
[17]). In Fig. 1(a), where the control parameter figo, One  variation tendency of the NICO strength wilh shows the
observes two supercritical Hopf bifurcation points@mio  characteristic of SR. The relative NICO strength can be mea-
=3.2255<10 " mbar and 4.0%10 ' mbar, between sured byh or B=h/Aw; hereh is the peak height and w
which is the oscillation region. In Fig.(h), the control pa- the width of the peak at the height2. The variation ofh
rameter is the temperatufeand the oscillation begins with a and 8 with D are shown in Fig. @), where both values go
Hopf bifurcation atT=420.5 K and ends with a SL bifur- through a maximum, demonstrating the occurrence of ISSR.
cation atT=413 K whenT decreases. To study the noise- Notice that the maximum di—D curve lies atD =3e— 3,
induced oscillation behavior, we choose the control paramand that of 3—D at D=4e—4, which is due to the faster
eter pyo Or To properly, such that it is quite close to the increment ofAw than that ofh. We have also investigated
bifurcation point but the deterministic steady state is thethe effect of parametric noise near the Hopf bifurcation
stable node, and perturb it by noiseno= pﬁlo[l pointsh2 andh3, and similar results were obtained. How-
+2DT'(t)] or T=To[1+2DTI'(t)] [hereD is the noise in- ever when we perturbed the control paramétaear the SL
tensity, and’(t) denotes the Gaussian white noise with zerobifurcation points shown in Fig. (h), we did not observe
mean value(T'(t))=0 and unit variancd (t)['(t')=46(t  NICO behavior.
—t")]. Now the rate equations change to stochastic differen-
tial euqations, and they can be simulated by a simple Eular
forward procedure.

Now we will study the influence of noise on the observed In fact, the occurrence of NICO near the Hopf bifurcation
dynamics near the Hopf bifurcation poihtl in Fig. 1(&), points is not so surprising. Due to the perturbation of the
choosing pﬁ,o:3.22>< 10" 7 mbar. ForD+#0, an obvious control parameter, the system enters the oscillation region
peak appears in the power spectrum of the times seriesow and then, and therefore the deterministic limit cycle is

Ill. DISCUSSION
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FIG. 3. The ISSR curves for different choicespg,. From the
30 bottom to the toppdoXx 107 in turn reads 3.20, 3.22, 3.223, 3.325,
and 3.226 mbar. Notice that, according to the dashed line, a deter-
S—_ S ministic oscillation appeard=0), and a stochastic resonance be-
251 o™ (b) inistic oscillati O=0), and hasti b
o~ A \. havior is also observed.
S 20t /- -\.§
@ 4 . .
5 15t¢ X- strength in the smalD range. In the present work, we think
= Il * that two facts might be responsible for this. First, there exists
107 a distance betweepQ, and the correct Hopf bifurcation
5 l point p*. Second, with the increment of the control param-
eter pﬁ,o, the strength of the deterministic oscillation also
increases remarkably. So with the incremenbdfom zero,

ol . . .
0.00 oot 002 003 the chance for the system to pass across the distphce
Noise Intensity D(arb. units) - pYo to enter the stronger oscillation region would increase
FIG. 2. The average power spectrum of the noise induced osci$uch that the NICO strength could be enhanced. Of course, if
lation for different noise intensity. The dashed lines denote theD IS too large, the coherent oscillation would be annihilated
baseline for large noise(b) Dependence of the peak height Dy the noise. In the present work, we have also performed
(circles and B (squareson the noise intensity near the Hopf bifur- numerical simulation work to investigate the influence of
cation pointhl. Stochastic resonance behavior is observed. pro on the ISSR. We find that with the approachpgf, to
. . . p*, the ISSR peak becomes left shifted and higher, which
occasionally rsrjdorrr modulated, resultlhng a G"’“.JSS"”ml'mplies that a smalleD can lead to the maximum NICO
expanded peak in the power spectrum. This disccusion Casr}rength. Even whem®, is slightly larger thanp*, e.g.,

also help in understanding why the SL bifurcation point can-" o~ ° :
not lead to NICO. The key difference is that on the right sidePNo™ 3.226, one sl can observe the ISSR. Thgse resglts are
of the SL bifurcation pointT, two stable attractors, the presented in Fig. 3. Notice that they are inconsistent with the

upper stable node and the stable limit cycle, coexist. Whici’?lb(ive d:jscusspns. Howelver,t'one' expects that a rgore com-
state the system finally reaches depends on the initial congdP' €€ and convincing explanation IS nécessary, and a proper

tions. So, when the control parameteis perturbed into the theoretical model would be greatly he_lpful in futl_Jre work. _

right side ofT, oscillationsurely does nobccur such that In t_he present work, we have studied 'ghe noisy dy.”am.'c
one cannot observe NICO. According to this discussion, Ongehawoy near the I_-lopf an_d saddle-loop b|furcat|op points in
expects that the structure of the bifurcation diagram plays al chemical catalytic reaction system. For Hopf bifurcation,

important role in the observed noisy dynamic behavior neapmse—lnduced coherent OSC'IIT"“'(WIC.O) IS founq, gnd Its
the bifurcation points. strength goes through a maximum with the variation of the

However. the occurrence of ISSR is rather Counterintui_noise intensity, indicating the occurrence of internal signal
tive, and it cannot be explained by previously reported the-StOCha"StIC resonandéSSR. HOW?VG“ t.h's behaw_or IS not
oretical models. First, a potential model applicable toobserved near the saddle-loop bifurcation, which implies that

bistable or excitable systems is not suitable here, for there i@e structure of the bifurcation diagram could play an impor-

no potential barrier to hinder the hopping between the stabIIa‘a.lnt role in thg observed noisy dynamics. In additior_l, a pos-
nodF:a and the limit cycle. On the otﬂzr %and, the threshold—Slble explanation for the observed NICO and ISSR is given,

free model proposed by Bezrukov and Vodyar@y does which is partly demonstrated by numerical simulations. Of
not work either, because an exponential relationship betwee(r“lomsef’ ? properktheorencal model would be greatly helpful
input and output rates was needed there. In addition, the! the future work.

Hopf bifurcation here is supercritical and the motion on the

deFerministiq limit cyclg_ is quite uniform such that the “non- ACKNOWLEDGMENTS
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