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A two variable model, which has been proposed to describe a first-order, exothermic, irreversible
reactionA— B carried out in a continuous stirred tank readtGSTR), is investigated when the
control parameter is modulated by random and/or periodic forces. Within the bistable region where
a limit cycle and a stable node coexist, stochastic reson@Rds observed when both random and
periodic modulations are present. In the absence of periodic external signal noise induced coherent
oscillations(NICO) appear when the control parameter is randomly modulated near the supercritical
Hopf bifurcation point. In addition, the NICO-strength goes through a maximum with the increment
of the noise intensity, characteristic for the occurrencantérnal signal stochastic resonance
(ISSR. © 1999 American Institute of Physids$$0021-960609)51525-7

I. INTRODUCTION ent fields of science, there are so far only a few reports
concerning the study of SR in chemical reaction syst€ms.
The phenomenon of stochastic resona(®®) has been However, chemical reactions often go far from equilibrium
extensively studied in the last decad&he main result of and show complex nonlinear spatiotemporal behavior, such
SR, which is in some ways considered counterintuitive,as multistability, oscillation, deterministic chaos, chemical
shows a constructive role of noise, since the response of thgaves, and so on. Therefore, one expects that SR, as well as
system to external periodic signal may be enhanced with theSSR or even noise-free SR, should be rather common here.
addition of an optimized amount of noise. In this sense, thén our previous work we have reported SR in the €0,
main fingerprint of SR is the appearance of a maximum inoxidation and NG-CO reduction system¥.In the present
the output signal-to-noise rati®SNR) at a nonzero noise work we will study the SR and ISSR behavior of a two-
level. variable model, which has been proposed to describe a first
In spite of the fact that the original SR model has beerorder, exothermic, irreversible reactida—B in continuous
concerned with a bistable system subjected to external perstirred tank reactofCSTR. This study might provide in-
odic signal and additive Gaussian white ndisié,is now structions for future experimental work.
known that there are different situations where SR appears.
For example, the nonlinear system can be monostable,
excitable? spatially extended,or nondynamié the signal  Il. THE MODEL AND RESULTS
can be aperiodic or chaoticthe noise can be colored, ) . . . .
multiplicative® or even substituted by the intrinsic random- | According to the |rrever5|bls§\—>B re_actlon_carrymg out
ness of a deterministic chaotic system, which leads to thd! CSTR, the total mass flowwith ratej) carries heat and

so-called noise-free SRVery recently, it was reported that componen® andB continuously into and out of the reaction

the external signal can be replaced by “internal signal,” as,vessel; heat is removed through a cooling coil which is main-

for instance, the deterministic oscillation of the systém. tained at a temperaturg; componentA reacts to forms

When the control parameter is randomly modulated near th81d hfeat is released. Thg r’r:jass *?;"3”;9 and the Ieréefr_gy bal-
bifurcation point between a stable node and a stable limice for componeni can be described by two coupled first-

cycle, noise induced coherent oscillatighllCO) is ob- order differential equations as followirlg:

served, the strength of which goes through a maximum with  x=1—x—xDE(y), (1.1
the increment of the noise intensity, showing the occurrence .

of SR, which may be nameidternal signal stochastic reso- y=—By+xBDH(Yy), 1.2
nance(ISSR. whereE(y) =exdy/(1+ 7y)], X andy are dimensionless con-

Although SR has found important applications in differ- centration and temperature, respectively; for certain choices
of the physical quantities, the parametBsD, 3, and  are

dAuthor to whom correspondence should be addressed. Electronic mair:elate_d to the control parametgrand T, via the following
hzhlj@ustc.edu.cn equations:
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FIG. 1. The bifurcation diagram of the CSTR model. The stétdenpletely FIG. 2. The dependence of the output SNR on the noise intensity, when the
unstablé stationary states are denoted with a s@tidshedl line; the stable  control parameter is modulated by periodic force as well as noise near the
(unstable limit cycles are denoted with a dot—dashetbtted line. The bistable region. Stochastic resonance is observed.

parameter path containssapbifurcation valuej,, and a supercritical and

subcritical Hopf bifurcation valuej;, andjy, .

model: A small amount of noise leads occasionally to tran-
sition from the stable node state to the oscillation state; this

T 8.2365x 10'% /7 transition nearly synchronizes the periodic signal at an opti-
7~ ggo7 - i ' mized noise leve[SR occurg and for too large noise, the
transition is totally dominated by randomness. We choose
_2r14e 408 885.§+11.071, x(t) as the output signal and calculate its power spectrum
I L j - 27+11.02 S(w) by Fourier transformation of the correlation function

For more details of the CSTR equations and the physicaqx(t)x(t ))- The SNR is defined as usual at=f and its

guantities, one can turn to Ref. 13 and references there. Fi%fgseenn(iez(r:lzirgtlesrigt‘iaflg re?hg gégurzré\év::g zg aximum 1s
ure 1 shows the bifurcation diagram for E@) with the ' '
variation ofj, keepingT,=292 K. The parameter path con-
tains a saddle-node bifurcation value of periodic orbjtg {
and a supercritical and subcritical Hopf bifurcation valje: To study the ISSR behavior, we choose the control pa-
andjp,, . Within the bistable region betwegg,,andjy,,, the  rameterj to be located in the right vicinity of the supercriti-
stable node is surrounded by a smaller unstable limit cycleal Hopf bifurcation pointj,, and perturb it by Gaussian
(the dot ling and a larger stable limit cycléhe dash—dot white noise
line). Notice that this diagram is similar to that in Ref. 13 .
and we redraw it here just for convenience. J=Jol1+2D&v)], )
with j;=0.998. ForD=0, the deterministic oscillation is
absent. IfD exceeds a certain level, however, an obvious
peak shows in the output power spectrum, indicating the oc-

To study the SR behavior, we choose the control parameurrence of NICO. With the increment of noise level, the
eterj to be located near the bistable region, where the detemNICO-strength is first considerably enhanced and finally an-
ministic attractor is the stable node, and modulate it by bothihilated into the noise background. In addition, for suitable
periodic and random forces, as noise level, higher harmonics up teg (herew, is the fun-

. . . damental frequency of the NIQ@ppear in the power spec-

=l 1t asin2mft+2DE)], @ 4rum and their strength also goes through nonmonotonical
wherej,=0.6661,« andfg are the amplitude and frequency variation. Obviously, the dependence of the NICO-strength
of the periodic signal, respectively¥(t) denotes Gaussian on noise intensity shows the characteristic of SR. The power
white noise with zero mean and unit varian¢é(t))=0 and  spectra for different noise level are presented in Fig. 3. No-
(é(t)é(t"))=48(t—t"); D is the noise intensity. Notice that tice that since the oscillation is induced by noise, the power
the periodic signal is subthresholdx€0.073), i.e., it spectrum ok(t) of a separate run is not smooth and the SNR
cannot lead to deterministic transitions between the stablshould be calculated by statistical averaging over enough
node and the limit cycle, anfl(0.02) is much smaller than independent runs to decrease the random effects, e.qg., in Fig.
that of the deterministic oscillatiofig(=0.24) nearjgpp. 3 each curve is obtained by averaging over 50 independent
Equations(1) and (2) are solved by standard explicit Eular runs. The ISSR behavior are depicted in Fig. 4, where the
method. With the increment of noise intensity, the systenNICO-strength is measured by SNRJ, here Aw is the
shows standard behavior like that observed in classical SRidth of the NICO-peak at the half of its height. The higher

B. Internal signal stochastic resonance

A. Stochastic resonance
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noise, the transition between the stable node and the limit
cycle can nearly synchronize the periodic signal at an opti-
mized noise level, i.e., stochastic resonaf8R) occurs. If

the control parameter is randomly modulated near a super-
critical Hopf bifurcation point, noise induced coherent oscil-
lations, including higher harmonics up to even seventh order,
are observed. The strength of the fundamental component
and all the harmonics go through a maximum with the incre-
ment of noise intensity, showing the occurrence of internal
signal stochastic resonan&SR. We expect that our work
might help find experimental SR in CSTR systems and open
further perspectives in the study of ISSR.
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7wy component is observed.

1For a review of Stochastic Resonance, &d.. Gammaitoni, P. Hanggi,

P. Jung, and F. Marchesoni, Rev. Mod. Phy8, 223 (1998; (b) Kurt
Wiesenfeld and Frank Moss, Natufeondon 373 33 (1995; (c) Kurt
Wiesenfeld and Fernan Jaramillo, Cha)$39 (1998.

. . . 2R. Benzi, S. Sutera, and A. Vulpiani, J. Phys.14, L453 (1981); L.
harmonics also show ISSR behavior, as, for instance, the ammaitoni, F. Marchesoni, E. Menichella-Saetta, and S. Santucci, Phys.
ISSR-curve for &g3-harmonic and &y,-harmonic is shown in Rev. Lett.62, 349(1989.

Fig. 4. It is found that all the harmonic oscillations reach the “J: M- G. Vilar and J. M. Rubi, Phys. Rev. Let7, 2863(1996; A. N.
Grigorenko, S. I. Nikitin, and G. V. Roschepkin, Phys. Re\b@& R4097

maximum strength at a same noise lel2ek0.06. (1997,
4Kurt Wiesenfeld, David Pierson, Eleni Pantazelou, Chris Dames, and
11l. CONCLUSION Frank Moss, Phys. Rev. Left2, 2125(1994); J. M. Casado, Phys. Lett. A

235, 489 (1997; J. J. Collins, Carson C. Show, and Thomas T. Imhoff,
In this paper, we have studied the noisy dynamic behav- Phys. Rev. 52, R3321(1995; C. Eichwald and J. Walleczekid. 55,

: ; : R6315(1997).
or Of. a two variable .m.OdeI’ W.hICh has bgen proposgd tosPeter Jung and Gottfreid Mayer-Kress, Phys. Rev. [/@t2130(1995;
describe an exothermic irreversitde— B reaction carried in Horacio S. Wio, Phys. Rev. B4, R3075(1996; J. M. G. Vilar and J. M.

a CSTR. When the control parameter is located near the Rubi, Phys. Rev. Letf78, 2886(1997); P. Jung, A. Cornell-Bell, F. Moss
bistable region and modulated by periodic force as well as et al, Chaoss, 567 (1998.
6Sergey M. Bezrukov and Igor Vodyanoy, Natufeondon 385 319

(1997; P. Jung and K. Wiesefeldpid. 385 291 (1997; Sergey M.

Bezrukov and Igor Vodyanoy, Cha@ 557 (1998; J. M. G. Vilar, G.

5| Gomila, and J. M. Rubi, Phys. Rev. Le®1, 14 (1998; Sergey M.
Bezrukov, Phys. Lett. 248 29 (1998.

"Hu Gang, Gong De-chun, Wen Xiao-dorg al, Phys. Rev. Ad46, 3250
(1992; J. J. Collins, Carson C. Show, and Thomas T. Imhoff, Phys. Rev.
E 52, R3321(1995; Carson C. Chow, Thomas T. Imhoff, and J. J. Col-
lins, Chaos8, 616(1998; Rolando Castro and Tim Sauer, Phys. Rev. Lett.
79, 1030(1997.

8L. Gammaitoni, F. Marchesoni, E. Menichella-Saetta, and S. Santucci,
Phys. Rev. E49, 4878 (1994; Claudia Berhaus, Angela Hilgers, and
Jurgen Schnakenberg, Z. Phys1B0, 157 (1996.

°A. N. Pisarchik and R. Corbalan, Phys. Rev.5B, R2697 (1998; A.
Crisanti, M. Falcioni, G. Paladin, and A. Vulpiani, J. Phys2#& L597
(1994).

Hu Gang, T. Ditzinger, C. Z. Ning, and H. Haken, Phys. Rev. L&f.
807 (1993; Wouter-Jan Rappel and Steven H. Stroget, Phys. Ré30,E
3249(1999.

. N 1A, Guderian, G. Dechert, K. P. Zeyer, and F. W. Schneider, J. Phys.

0.00 0.05 0.10 Chem.100 4437(1996; A. Foster, M. Merget, and F. W. Schneidisid.

Noise Intensity D 100, 4442(1996; W. Hohmann, J. Muller, and F. W. Schenidiid. 100,
5388(1996.
2| ingfa Yang, Zhonghuai Hou, and Houwen Xin, J. Chem. P8, 2002

FIG. 4. The dependence of the NICO-strength of (squares 2w, (1998; LingFa Yang, Zhonghuai Hou, Baojing Zhou, and Houwen Xin,

(circles, and 3w, (diamond$ components on noise intensity. All the har-  ibid. 109, 6456(1998; Z. H. Hou, L. F. Yang, X. B. Zuo, and H. W. Xin,

monics reaches the maximum &=0.12. Notice the strength of the Phys. Rev. Lett81, 2854(1998.

2w(3wy) components are multiplied by(30), respectively. Bwilliam Vance and John Ross, J. Chem. PHyk.7654(1989.

H
T

SNR/Ao [10%]
w




