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The noisy dynamic behavior of a surface catalytic reaction model to describe the oxidation of carbon
monoxide is investigated when the control parameter is perturbed by external noise near a
supercritical Hopf bifurcation point. Noise induced coherent oscillatiiCO) is observed and the

NICO strength goes through two maxima with the increment of the noise inteDditgm zero,
characteristic of the occurrence of stochastic multiresonance without external signal. The frequency
of the NICO also increases with the incrementbf © 1999 American Institute of Physics.
[S0021-960609)70627-9

I. INTRODUCTION minimal-bromate reaction. After that, our group has per-
formed numerical studies on SR behavior in surface catalytic
The study of stochastic resonan(@R) has gained ever reaction systemsincluding the catalytic oxidation of carbon
growing attention in recent yeatsThis phenomenon shows monoxide (CO-0,) and the catalytic reduction of nitrogen
the rather counterintuitive effect of noise, i.e., it can enhancenonoxide with carbon monoxide (NGCO). We found that
the detectability of a weak input signal into a nonlinear sys-SR could appear near narrow bistable states or near discon-
tem. Since it was originally proposed to account for the petinuous Hopf bifurcations. Furthermore, if the control param-
riodic oscillation of the Earth’s ice agésSR has found eter is located near the supercritical Hopf bifurcation point in
its application in many scientific fields and its conceptthe absence of the deterministic oscillation, NICO and
has been widely extended. The original SR model includedenceforth ISSR behavior were also observed in the
a symmetry bistable system, a weak periodic input signalNO+CO reduction systert
and additive external noiseBut now, the nonlinear system In various nonlinear chemical reaction systems, chemi-
can be monostable, excitable® threshold-fre€, or  cal oscillation is very general, which can result from various
spatial-extended etc.; the input signal can be aperiodic andtypes of bifurcation. So one may ask how does the bifurca-
even chaoti® and the noise can be colored, multiplicative, tion character influence ISSR behavior? One expects that a
or even substituted by the intrinsic randomness of a deterdeep study into this subject may open further perspective in
ministic chaotic system Very recently, Hu Gangt all°re-  the study of SR and it can also help in understanding the
ported the first example of SR in which the external signal isnoisy dynamics of a complex chemical reaction system. In
replaced by an internal signal of the system: the deterministithe present work, we have numerically studied NICO and
oscillation. When the control parameter is located near théSSR behavior in the C®O, system near a supercritical
bifurcation point between a stable node and a stable limitHopf bifurcation point. What interests us most is that two
cycle, where the deterministic oscillation is absent, noise inmaxima appear in the ISSR curve.
duced coherent oscillatiatNICO) is observed and the NICO
strength goes through a maximum with the increment of
noise intensity from zero, showing the characteristic of sto4]. THE REACTION MODEL

chastic resonance, which might here be named by internal
signal stochastic resonan@SSR. The catalytic oxidation of carbon monoxide has attracted

It's known that most of the chemical reaction processesonsiderable attention for more than two decades, due not

carry out far from equilibrium and they often exhibit abun- only to its great application, but also to its theoretical signifi-
dant nonlinear behavior such as multistability, chemical oscance. Much interesting spatio-temporal self-organization
cillation, chemical chaos, et¢.One, therefore, expects that behavior has been observed including bistability, oscillation,
SR should be common in chemical systems. However, théhaos, spiral waves, soliton waves, turbulence, etc. For more
first report considering SR in chemical reaction systems onWieta”S in these studies, one should turn to the excellent work
came out very recently, where Schneider's gréwusiudied by Ertl's group?®~2°

SR experimentally in homogeneous reaction systems includ- The catalytic oxidation of CO on the single crystal sur-

ing the BZ reaction, peroxidase-oxidase reaction, andace of platinum follows the Langmuir—HinshelwogtH)
mechanism:
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FIG. 1. The amplitudddash lineg and frequencysolid line) of the deter- FIG. 2. The power spectrum of the noise induced coherent oscillation for
ministic oscillation in the CG 0O, system forT=539K and p,=1.3 D=4x10 % 1.35<10 2 and 0.03, respectively. Notice each curve is ob-
X 10" mbar. tained by averaging over 50 independent runs.

. Accordingly the variation of the oscillation frequenayis

v also shown in Fig. 1w first decreases very rapidly and sud-
Oz(g) +*—20(a), denly ends at a constant value. Notice that this interesting
ks transition character considerably influences the observed
CO(a)+0(a)—CO; T +2%, noisy dynamic behavior as decribed in detail in the next

where* and (a) denote a free adsorption site and anSection.
adsorbed species, respectively. Following the work of
Krischer, Eiswirth, and Ert>*® the rate equations for the ||| RESULTS

adsorbate coverages read: .
To study the NICO and ISSR behavior, we properly

0_u:k s |1— (i)g — Kol — Kal choose the control parametgy such that it's quite close to
ot~ ‘uPuSu Ug 27 e the supercritical Hopf bifurcation point, while the determin-
v U b2 isticO oscillation is absent, and perturbed it by noise @s:
—=k,p,S,|1— —— _} —kauv, =p,(1+2DI'(t)), hereD is the noise intensity, anf(t)
ot s Us Gaussian white noise with zero mean and unit variance, i.e.,
—keW; U<U, (T(1))=0 and(T'(t)T'(t"))=8(t—t").
Ml (33 rul—w): uj<u<u In the present work, we choogs =38.83< 10" ® mbar.
- S5 <ji=0"i ’ 1 2. . .
at For D=0, the power spectrum of the output time seriét)

Ks(1=w); u=up shows no peak but an even background. However, even

Here, the variables, v, andw stand for the coverages of whenD is as small as ¥ 10 #, an obvious sharp peak ap-
CO(a), O(a), and the fraction of X1 phase on the surface, pears, indicating the occurrence of NICO. The frequency of
respectivelyk, andk, denote their adsorption coefficients, NICO (0.4065 nearly equals to that of the deterministic os-
andk, the desorption coefficient of C@J, k5 the reaction cillation at p,=38.85<10 ® mbar (0.4041. When D in-
rate, ks the transition coefficient. If the coverage of GX)( creases, this peak becomes higher and wider, and it's obvi-
or O(a) exceeds the saturation valuesor vg, further ad- ously shifted to lower frequency. This peak is annihilated
sorption would be hindered,, ands, are the sticking coef- into the noise background wh&n=0.005. However, for fur-
ficients withs,=1 ands,=0.6w+ 0.4(1-w). p, andp, are  ther increasingD, one observes that the amplitude of the
the partial pressures in the gas phase. The exact values of theise induced oscillation sharply increases and another obvi-
parameters are not provided here; one can turn to Refs. 16us peak emerges in the power spectrum with a even lower
16. frequency. This peak also becomes higher and widdD if

By linear stability analysis of the above rate equationsfurther increases, but now the frequency remains nearly un-
one can easily obtain the nonlinear behavior of the modelchanging (»=0.15+0.02), which approximately equals to
ChoosingT=542K andp,=1.3x 10" *mbar and takingp, that of the large-amplitude deterministic oscillatiom (
as the control parameter, there exists a supercritical Hopf0.145+0.01). Of course, a very large noise level would
bifurcation point atp,=38.845(+0.005)x 10 ®mbar, and also annihilate this NICO.
the oscillation region ends by a discontinuous Hopf bifurca-  In Fig. 2, we have plotted three typical power spectrum
tion at p,=39.56x 10 ® mbar. In Fig. 1, we plotted the bi- for noise intensityD=10"*, 1.3x10°2 and 0.03, respec-
furcation diagram in these parameter region, where the dadively. In Fig. 3, the NICO strength is plotted against the
lines denote the amplitude of the deterministic oscillation.noise intensity, where the NICO strength is measured by the
From Fig. 1, one can see that with the incremenpgf the  height of the peak (notice that a more appropriate measure
amplitude of the oscillation increases very rapidly in the be-of the signal-to-noise ratio of the NICO might bgA w;
ginning and suddenly saturates to a nearly constant valudereAw is the width of the peak at the height2, but in the

Downloaded 19 Nov 2002 to 129.64.99.133. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



1594 J. Chem. Phys., Vol. 111, No. 4, 22 July 1999 Hou, Yang, and Xin

25 ACKNOWLEDGMENTS
20l This work is supported by the National Science Founda-
< tion of China and the authors also thank for the Laboratory
5 45 of Computational and Theoretical Chemistry for discussion.
o L
I}
& \ ,...-"-.\
o 10 ’/ W 1For a review of stochastic resonance, &®e.. Gammaitoni, P. H”anggi,
g \, ‘\. P. Jung, and F. Marchesoni, Rev. Mod. PhyS, 223 (1998; (b) K.
51 Wiesenfeld and F. Moss, Natufeondon 373, 33(1995; (c) K. Wiesen-
feld and F. Jaramillo, Chadd 539(1998. For classical SR theories, see
(a) B. McNamara and K. Wiesenfeld, Phys. Rev.38, 4654(1989; P.
0 ' ; : ; Jung and P. H"anggi, Europhys. Le8, 505 (1989; Phys. Rev. Ad4,
4 -3 -2 - 8032(199)
Noise Intensity(log D) 2R. Benzi, S. Sutera, and A. Vulpiani, J. Phys1A, L453 (1981).
hastic bi in th 3L. Gammaitoni, F. Marchesoni, E. Menichella-Saetta, and S. Santucci,
FIG. 3. Stochastic bi-resonance observed in thet@Q system. Phys. Rev. Lett62, 349 (1989.

4J. M. G. Vilar and J. M. Rubi, Phys. Rev. Left7, 2863(1996; A. N.
Grigorenko, S. I. Nikitin, and G. V. Roschepkin, Phys. Re\66: R4097
present work we only consider the quantitative behavior and (1997.

. . . 5 ; ;
h is also acceptab]eOne sees that stochastic bi-resonance K. Wiesenfeld, D. Pierson, E. Pantazelou, C. Dames, and F. Moss, Phys.
Rev. Lett.72, 2125(1994; J. M. Casado Phys. Lett. 235 489(1997%); J.

occurs. Another mterszgtlng phenomena can be seen from; Collins, C. C. Show, and T. T. Imhoff, Phys. Rev5E R3321(1995;
Fig. 2 for D=1.3X10"": a double-frequency component c. Eichwald and J. Walleczelbid. 55, R6315(1997.
(DFC) is also present. A detail study shows that DFC only °S. M. Bezrukov and I. Vodyanoy, Natur&ondon 385 319 (1997; P.

exhibits in a narrow range dd from ~1.0x10 3 to ~1.5 f/‘g(‘j%/air;‘i’ *éh‘gvg‘;f'egg';’ggé;% 291 (1997; S. M. Bezrukov and |.
X103, and its strength attains the maximum at nearly the7p Jung and G. Mayer-Kress, Phys. Rev. LB#.2130(1995; H. S. Wio

sameD level as the first resonance. In the second resonancephys. Rev. B4, R3075(1996; J. M. G. Vilar and J. M. Rubi, Phys. Rev.
range, however, the DFC behavior is not observed. Lett. 78, 2886(1997); P. Jung, A. Cornell-Bell, F. Mos®t al, Chaos8,

- o ica 567(1998.
The occurrence of NICO is not so surprising. Noise g Gang, G. De-chun, W. Xiao-dongt al, Phys. Rev. A46, 3250

draws the control parameter inFo. the osc'illat.ion 'region NOW (1992; J. J. Collins, C. C. Show, and T. T. Imhoff, Phys. Rev5E
and then, such that the deterministic oscillation is occasion- R3321(1995; C. C. Chow, T. T. Imhoff, and J. J. Collins, Chads616
ally random modulated, resulting in a Gaussian-expanded (1998; R. Castro and T. Sauer, Phys. Rev. L&8, 1030(1997.

. P. H"anggi, P. Jung, C. Zerbe, and F. Moss, J. Stat. PR@s25 (1993;
peak in the output power spectrum. However, the OccurrenceL. Gammaitoni, F. Marchesoni, E. Menichella-Saetta, and S. Santucci,

of ISSR is not so straightforward. It might be due to that an phys. Rev. &9, 4878(1994; C. Berhaus, A. Hilgers, and J. Schnaken-
increment of noise intensityin the small rangecould en- Oberg, Z. Phys. BLOQ, 157 (1996.
o 1 - .
hance the chance for the system to enter the oscillation re—(q-g(;g”%fj Dgz'”gelr’ Cdzé N|_'|”95vta”d *t‘* pr;ke”v;hé?t 539?323,07
. N . ; W.-J. Rappel and S. H. Strogatz, Phys. Re .
gion and that. the strgngth of the deterministic oscillation alsQ:g "\ 1 iini and G. Ertl, Chem. Re®5, 697 (1995.
increases with the increment gf,. One expects that a 12a Guderian, G. Dechert, K. P. Zeyer, and F. W. Schneider, J. Phys.

proper theoretical model would help understanding this be- Chem.100 4437(1996; A. Foster, M. Merget, and F. W. Schneidiid.
havior. 100, 4442(1996; W. Hohmann, J. Muller, and F. W. Schneidisig. 100,

L . . 5388(1996).
The stochastic bi-resonance behavior observed in the Yang, Z. Hou, and H. Xin, J. Chem. Phyk09, 2002(1998: L. Yang,

present work is rather interesting. Intuitively, one may draw z. Hou, B. Zhou, and H. Xinibid. 109, 6456(1998.
the conclusion that it's due to the specific transition charactejlr;‘L- Yang, Z. Hou, and H. Xin, J. Chem. Phyk10, 3591(1999.

[ Nati ; i : K. Krischer, M. Eiswirth, and G. Ertl, Surf. Sc251, 900 (199J.
of the deterministic oscillation as depicted in Flg_. 1, for thelGM_ Eiswirth, K. Krischer. and G. Ertl. Appl. Phys. A: Solids SUStL, 79
frequency of the NICO clearly reflects that transition charac- (99q.
ter. This bi-resonance behavior implies some frequency'H. Khrustova, G. Vesser, A. Mikhailov, and R. Imbihl, Phys. Rev. L&tt.
selection effect: Different noise intensity prefers to support183564_(1995-
signal with different frequency. A deep investigation into Zél!ﬂi“gﬁﬂi?dg‘i'(fggfhy& Rev. LeB0, 1526(1988; Appl. Phys. A:
this behavior may open further perspectives in the futuresy Eiswirth, P. Moller, and G. Ertl, Surf. Sc208 13 (1989,
work. 20K Krischer, M. Eiswirth, and G. Ertl, J. Chem. Phy, 307 (1992.

Downloaded 19 Nov 2002 to 129.64.99.133. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



