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Stochastic resonance in the absence and presence of external signals
for a chemical reaction
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A catalytic reduction of NO with CO on Pt00) surface is adopted to study its response under
random perturbation. Noise-induced oscillations and noise-induced frequency shifts have been
observed when the system works in the vicinity of the oscillatory region and meanwhile is subjected
to random modulation of its feeding speed. Stochastic resonance behavior can be recognized from
the noise-induced peak in the power spectrum even though in the absence of external signals. The
numerical results have been obtained near supercritical Hopf bifurcation points, but are not confined
to the classification of bifurcation. When the system falls into bistable regions, noise can help an
external weak signal to induce state-to-state transitions and also shows a stochastic resonance
behavior except for the case that the system has an isolated bifurcation scherh®939@merican

Institute of Physicg.S0021-960809)70706-3

I. INTRODUCTION type of stochastic resonance in systems whose oscillations
. o ] are created by a Hopf bifurcation. We are afraid that we can
Random noise can be_bene_f|C|aI to the_‘ forma_tlon of f‘or'not accept this viewpoint. In this paper, we present an ASR
der,” rathe.r than Qestroy It Th|s'paradOX|caI ppmt of view behavior which can occur in a chemical reaction whose os-
has been increasingly reported in many nonlinear systemse . "
recently, and gradually accepted by many scientists. Stochag'fnat'on,S are both.(?reated and ended by. supercritical Hopf
tic resonancéSR) is one of the most prominent phenomenab'f“rcat'on' In addition, the frequency shifts are found, but
in which noise represents a useful tool to improve the detecth® shift direction tends to the opposite direction as that in-
tion of a weak signal, to transport its random energy to endicated in Refs. 4 and 5.
hance the signal oscillation. SR phenomena have been studied mainly in bistable sys-
The concept of SR was originally proposed by Benzitems in the past years. It therefore gives a wrong impression:
et al! to account for the periodicity in Earth's ice ages, butAll bistable systems can show SR if the input is modulated
has since been shown to occur in many systems such as foperly by an external periodic signal and a suitable level of
physical sensitive devices and sensory neuron sys:’(él'rhe. noise. Our present study shows that this conclusion is not
notion O.f SR has be_en_ widened to include many Ollﬁcefremuniversal, because some bistable systems can definitely not
mechanisms. The unifying feature of all these systems is thehow SR. It is the bifurcation scheme that accounts for the

increased sensitivity to small perturbations at an optima f SR In thi t a bif fi
noise level and the existence of a resonance peak on the plgi;currence 0 - 0 tiS paper, we present a bilurcation

of signal-to-noiséSNR) versus noise intensity. The effect of SCheéme, which can change from an isolated circle to a mush-
SR requires three basic ingrediefts suitable nonlinear sys- "oomlike shape through a transcritical bifurcation. The result
tem, a weak signal and a source of noise. shows that the response of the reaction is much different
In studying SR, the signal is adopted generally as arbefore and after the bifurcation when the system is subjected
“external” input modulation of a nonlinear system, then, to external modulations.
one looks at the periodic contribution of the output at the  Up to now, almost all the studies on SR, both theoreti-
same frequency as input. Recently, biual* took the initia-  cally and experimentally, have concentrated on physical or
tive to present a kind of SR in an autonomous system withpgphysical systems, but few of them involve chemical reac-

out extemal periodic force, which we hfere call au_tonomou§ions except experimental studies by Schneider's group in
stochastic resonan¢ASR). Near the oscillatory region they. homogeneous reactich§ and our recent numerical resdlts

find a noise-induced oscillation and a noise-induced shift in X . .
frequency. Their results were reexamined later by Rappe'P a surface catalytic reaction@10/CO+0,. In this paper,

et al® and ascribed to the nonuniformity of the limit cycle. W€ adopt a reaction of catalytic reduction of NO with CO on
We particularly notice that in their studies the oscillation is@ Pt single crystal surface that has been thoroughly investi-
terminated by a saddle-node bifurcation and Rapedl® gated in the past decad¥sThe reaction exhibits an abun-
draw the conclusion that one would not expect to find thisdance of kinetic behaviors including sustained rate oscilla-
tions and pattern formations, and its reaction mbtidéf has

dauthor to whom correspondence should be addressed; electronic maipee_n well organized and shows a series of interesting bifur-
Ifyang@ustc.edu.cn cation schemes.
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Il. THE MODEL AND ITS BIFURCATION SCHEME 0.6+ —
e stable node
The reaction of R1L00/NO+CO proceeding in an ultra- .., @ TodtoK | saddl pont
high vacuum chamber is well understo(ske Ref. 10 and 044 A:::-..,... o unstable focus
references cited therginThe mechanism can be described o sn2 “szzzz;;:-...........
by the following steps?3 < “s
sn1
CO(gag+*=CO,q M 921 M.-"
NO(gaS +* \ﬁNOad, (” ) hZé;;;;;E;c;nuuun’ ,,'
NOgrt * —Nag*Oag (i R T T T A
2N,—N,(gast + 2+, %) Pyo [107 mbar]
CO,¢tOaq—COx(gast +2+. V) 0.5 c o roaei
The adsorption of C@a9g or NO(ga9 requires a vacant site; 0.4 ::::ZZzF '
in the opposite direction, the desorption of @@ or B"“A""
NO(ad) releases an adsorption site Il). Following the ad- 0.3 o,
sorption of NQgag, the dissociation of adsorbed NO re- < 2
quires another free adsorption site. Therefore, this step is 024 n gut ©
regarded as a rate-limiting or(éll). The following twore- | | .. ;,55655‘/"' c
actions IV and V produce gas species which are removed 011 é'n'unﬁznﬂg"“
from the surface immediately and release two adsorption 0.0 HO oo oo o oo n”
sites each. The competition between the vacant sites’ con- ' 3 4 5 6
sumption in I, I, and lll and their supply in IV and V shows

) ) : ) Pyo [107 mbar]

an autocatalytic behavior. Certainly, this scheme neglects

N,O formation because it is unstable in low pressure or roonFIG. 1. Bifurcation diagrams show the existence of an isolated branch of the

temperature. steady-state solution g is varied as bifurcation parameter before a tran-
Imbihl et al 11 have built a three-variable model from scritical bifurcation occurga) and the existence of a mushroomlike multiple

. . steady-state solution after the transcritical bifurcation oc@urswWhenpyo
reactions | to V to describe adsorbate coverag@sfor ad- s 1odulated, the reaction shows kinetic hysteresis marked byAd&@D

sorbed CO o for adsorbed NOf for adsorbed oxygen. and loopEFGH in (b). In contrast, there is not any hysteresis in the isola

That is, (8). The existence range for kinetic oscillations is terminated by two super-
critical Hopf bifurcation points h1l and h2. The amplitude of the oscillations
dﬁco (the upper and lower turning points represented by the dash lines. The

T = kl pco( 1- 0(:0_ HNO) - k2 aco_ k3 60000 y (1) Iegends for(a) are also suitable fofb).

de

d—':O =K1Pno(1— Oco Ono) — Kabno— KsOnobempty: The kinetic behavior of this model can be understood by
) its bifurcation scheme. First, one can get a steady #fiat=d
point) by solving the equationslf-5/dt=0, dfyo/dt=0

dﬁo_ anddéy/dt=0. Then, one can get its stability using a linear

dt K5 o Bempry~Kafcoblo. ) stability analysis method. A fixed point should fall into one
of the kinds: a stable or unstable node, a stable or unstable

with focus, or a saddle point. Here we show the system’s multi-
Ocot 0o bo stability in one-dimensional bifurcation diagransee Fig.
Oempry=Max | 1— Ooono ®—o) 0| 1), which agrees well with Imbihl’s resulf$.The low branch

has an oscillatory region that both starts and terminates both
All the coefficients of adsorptionkg), desorption k, and by supercritical Hopf bifurcation. The amplitude of the os-
kq), dissociation ks) and combination K; and k;), have cillations (the upper and lower turning pointeepresented in
been listed in Refs. 11 and 12, which were originally takenFig. 1 is obtained from the numerical integration of Egs.
from experimental data. Because of the repulsive interaction1)—(3).
between adsorbed CO and NO, their desorptions become Keepingpco=3x10 " mbar, we notice there exists a
easy. Their temperature dependence is expressed via th@nscritical bifurcation at abodt=415K. At low tempera-
Arrhenius law K, /= v, 4€xp(—~EN*CYRT), and their active ture, the low isolated region separates with the upper branch
energy barriers, [Fig. 1(@)]. With the increase of temperature, the upper
ENO.CO_ ENOCO () _ (1 o+ B)? branch approaches t.he isolated rggion and fi.nally touches it
act act 6LINO T el to cause a transcritical bifurcation. The diagram seems
decrease with the increase of the surface coverage. Whenushroom-like[see Fig. 1b)]. We pay special attention to
Ono.coexceedd o c~=0.61, and adsorbed oxygen exceedsthese two cases: before and after the transcritical bifurcation,
0,=0.4, no free sites provide for N@dissociation, and the to study their different responses under external perturba-
reaction is inhibited. tions.
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FIG. 2. Noise-induced oscillation on power spectrum. The background lind /G- 3. The signal-to-noise ratio: SNR evaluated from the power spectrum

is obtained directly from FFT. The white overlay curve is a smoothing curveVersus noise level. The constant partial presquye 4.80(a), 4.7&) and
from adjacent averaging of 100 points. 3.05c) in units of 10" " mbar for different locations in Fig.(&). Each curve

displays a peak for stochastic resonance.

lll. COHERENT MOTION AND STOCHASTIC b | h il .
RESONANCE RESPONSE constant pressure becomes closer to the oscillatory region,

for example,p,=4.75<10" ' mbar, the SR peak becomes
The time evolution of many nonlinear systems showshigher and shifts to low level of noigsee Fig. 8)]. At the
nonuniformity. In some parts of the trajectory the systemother end of the oscillatory regiomg=3.05x 10"’ mbar,
evolves quickly, but in other parts it goes slowly. This re-the noise-induced oscillation can also be found, and the re-
veals an interior asymmetry of a nonlinear system. When thgponse also has a SR peak shown in Fig).However, the
asymmetric system is subjected to a zero-mean symmetrgRr peak is very small and appears at very small noise be-
perturbation, its response may show a coherent motion teause too much noise can result in a jump from the isola to
some extent. A Gaussian-type white noise has a zero meane opposite stable state, but the reverse process never hap-
value (£(t))=0, and its correlation(&(t)&(t')y=2D (t pens.
—t’) is a white spectrum. It is often adopted to simulate  Figure 4 displays the frequency shift of the noise-
internal fluctuation or external uncertainty. induced oscillation peak. With the increase of noise level, the
As usual, the response of a nonlinear system to a whitgeak shifts to lower frequency, not to higher frequency as
noise input is no longer a white spectrum. If we modify theindicated in Refs. 4 and 5
reaction conditions carefully so that the system works
“near” the oscillatory region but not “in” the region, pre- |v. STOCHASTIC RESONANCE WITH EXTERNAL
senting noise to the control parameters may induce an oscCiSIGNAL
lor o,  powe Specim sy o e DB & genral e of a ystem g socasts s

level, the peak becomes broad but higher first and then coliance is its increased sensitivity to small perturbations when

lapses at high noise level. We give another definition of thé" appropr!ate dpse of noise is aFided. In its s.|mplest form,
R occurs in a bistable system driven by a periodic external

NR he height of th k over its half-width o . :
SNR as the height of the peak over its half-width, because orce. The periodic force raises two potential wells alter-

sharp and high peak is much more recognized. A resonance- ) L o
like behavior can be obtained from the curve of the SNR tonate_ly, When_ the noise is suff|C|er?tIy strqng, the °Verda'_“p_ed
the noise level. Because this performance appears in the aggrﬂcle can jump over the potential barrier. The key point is

. . at the external signal, itself, is not strong enough to cause
sence of an external signal, one calls it autonomous stochas- - gna, 1 ) 9 19
any transitions or excitations; the increasing noise helps the

tic resonancéASR). In contrast with SR in a general sense,t i itati duall kes them t d

ASR can be understood as the noise resonating with the inransttions or excitations gradually, makes them true, and can

trinsic signal instead of the external signal. make the transition synchronized with weak perturbation.
Figure 2 shows a noise-induced oscillation peak in the

power spectrum at the frequency corresponding to the intrin- 0036

sic oscillation. It is a response of the system to external noise

input

Pno=[1+ BE(1)]po,

where B is noise intensity. The nonperturbation pressure of
NO is py=4.80x 10" " mbar. It is apparently out of the os- oozst
cillatory region marked by hlpyo=4.71X10 " mbar, and
h2, pno=3.06X10 “mbar. For a small noise, the noise- 000 0.05 010 015 020

induced peak is sharp but low. At increasing noise level, it s

becomes hlgh but broad. By power spectrum analySIS of thEIG. 4. Frequency shift of the noise-induced oscillation peak as a function

output, we plot the SNR as a function of noise level in Fig. of the noise level. The plot and the insert plot corresponds to FigsaBd
3(a). The curve shows clearly a SR peak@&t0.07. If the  3(c), respectively. The lines are only drawn to guide the eyes.

0.032}

frequency (Hz)
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However, a too strong noise counteracts the aforementioned
correlation, thereby reducing the response. So there exists a
SR peak with the increase of noise level. Now the question is
whether all bistable systems can show a SR behavior.
Bifurcation schemes for low-dimension systems gener-
ally fall into four basic classes: “S” type, “Z" type, iso-
lated, and mushroomlike. The two stable states, correspond-
ing to a stable node, a focus or a stable limit cycle
surrounding an unstable focus, are usually separated by a
saddle point. Hysteresis behavior can occur as modulation of
the control parameter for the other three cases except for the B
isolated bifurcation scheme. Figuréal displays an isolated 30-
bifurcation where the bistable region is clearly shown within L (b) p,=3.3 x10” mbar
two saddle-node bifurcation snl and sn2, and the low branch ‘
is isolated. Under a strong modulation, the low branch may 204
lose its stability to jump up to the high branch. However, the
inverse process never occurs. In these circumstances, one
never expects to have a general SR response. 104
After a transcritical bifurcation, the isola develops into a
mushroomlike scheme shown in FigtbL This bifurcation b
diagram exhibits two hysteresis regions when the system is 0 y y '
subjected to external modulation. As=5.3X10" 7 mbar, ' ' '
we applied a small periodic signémplitude«a, frequency
f) together with a Gaussian noise compong@ntensity ).  FIG. 5. SNR output as the function of noise level. Locating-5.3(a) and

(a) p,=5.3x10" mbar

20

SN

.00 0.05 0.10 0.15

S/N

That is, 3.3b) in units 10" mbar, the system works corresponding to the loop
ABCD and the loopEFGH in Fig. 1, respectively. Both show a stochastic
Pro=[1+ e sin(2mf )+ BE(t) ]po. resonance peak.

For «=0.03, f;=1/40G"1, and let the noise be added 100

times per signal period. The integration of the ODEs lasts no

less than 100 signal periods. We adopt a fast Fourier trang- e NO pressure approaches the oscillatory region, we apply

form (FET) power spectrum analysis method to analyze oné Gaussian type noise to modify the feeding system of partial

of the state variables, for examplé,o. Then, the SNR can pressure of NO. Noise-induced oscillations and noise-
be obtained from the ,spectrum. Fig’l(jr@tisho(/vs the results. induced frequency have been found, and the response may

Ao e i e s nceased, SR pel canberecogmz G, SUeneTus Soenase e beravor
at aboutB=0.055. P :

In parallel to the above, we choose another it have revealed these nonlinear phenomena are constant re-
—33%10 "mbar o stud); SR Let =012 f gardless of a Hopf bifurcation or a saddle-node bifurcation
. . . 1 S

=1/1506"1, and the other conditions remain unchanged.com'sng mtg ortou:‘oftt'he Intrinsic OS(.:'"att)'.O?St')l , h
We obtain a similar SNR curve shown in Fig(bh As econd, stochaslic resonance In bistable regions has

shown in Fig. 1b), the kinetic behaviors for the two bistable geir;;%u?:é Eaceh ::]al; Ine s:]at; k;?:};orflatit(t) 2 §tz£1_lralle goizi)g
regions are much different. In the loobhBCD, both the N us, ev uns us but existing a s

upper branciAB and the low branciED are stable steady ot R |78 (EERIER 08 T BESHC S PSEES
states. In contrast, in another lo&#GH, EF still keeps a . '

stable steady state, but most of the bra@dH falls into the f;gﬁaggtr\',v Zg:etmh(ee ?v?/f) 2?a§ce)lasttea(:e2r?2Cgec?nurse'\r,lgrstrbﬁetr?nsg
oscillatory region. In the absence of noise, one can fim%1 ver expects to observe the stochastic resonance b h,vi rin
mixed-mode oscillations and rich phase-locking phenomenae Er expects 1o observe Ihe stochastic resohance behavio

: e . neral sense.
in power spectrum under external periodic modulation. How-Jeneral sense

ever, the local dynamical difference, regardless of the differ-
ence between a steady state and an oscillatory state, has R KNOWLEDGMENTS
influence on the occurrence of SR.
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