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Resonant patterns in noisy active media
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We investigate noise-controlled resonant response of active media to weak periodic forcing, both in excitable
and oscillatory regimes. In the excitable regime, we find that noise-induced irregular wave structures can be
reorganized into frequency-locked resonant patterns by weak signals with suitable frequencies. The resonance
occurs due to a matching condition between the signal frequency and the noise-induced inherent time scale of
the mediam:1 resonant regions similar to the Arnold tongues in frequency locking of self-sustained oscilla-
tory media are observed. In the self-sustained oscillatory regime, noise also controls the oscillation frequency
and reshapes significantly the Arnold tongues. The combination of noise and weak signal thus could provide an
efficient tool to manipulate active extended systems in experiments.
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I. INTRODUCTION propagation in subexcitable chemical reactifiig, and spa-

Pattern formation in spatially extended systems subject tjotémporal stochastic resonarid]. In particular, in active
external forcing has been studied extensidlyd]. In reso- ~Media, noise alone can sustain spiral way#$], target
nantly forced oscillatory reaction-diffusion systems,1 fre- ~ Waves[20,2] or pulsating wave$21], and enhances spatial
quency locking occurs similar to that in a single, uncoupledsynchronizatior[22] and temporal coherend@3]. In these
oscillator. The entrained system has stable states with Systems, the interplay between noise-induced excitation and
phases separated by multiples of-/2n, i.e., them-phase wave propagation has generated oscillatory behavior with
patterns, such that traveling waves are stabilized to variousome characteristic time or length scales. However, not much
standing wave patterns. Such resonant patterns have beinknown how the noise-sustained oscillatory behavior re-
observed in light-sensitive Belousov-Zhaboting®Z) reac-  sponds to weak external forcing. Recently, we have shown
tions under periodic illuminatiof5]. that, unlike in an isolated Fitz Hugh-Nagun@®HN) excit-

Periodic illumination has also been applied to control spaable cell, in a small one-dimensiondlD) chain of coupled
tially stationary Turing structure. Most efficient suppressionFHN cells, noise-sustained oscillations may become locked
of pattern occurs at a frequency of illumination equal to theby rather weak periodic signals, because coupling enhances
frequency of autonomous oscillations in a correspondingignificantly the coherence of the noise-sustained oscillations
well-stirred systenj6]. Besides tempordbpatially uniformy  [24].
illuminations, spatial(steady [7] and spatiotempora[8] In this paper we study effects of noise on resonant pattern
modulations have also been used to study resonant resporfegmation of 2D FHN media forced by spatially uniform,
of Turing patterns. Periodic illumination of spiral waves in weak periodic signals, both in the excitable and in the oscil-
excitable BZ reaction can induce entrained drift of the spirallatory regimes. We will show that in the excitable regime,
core [9]. Periodically vibrated granular layer can display adue to the influence of noise, signals much weaker than the
rich variety of pattern$10]. Thus, external forcing provides threshold can induce coherent resonant patterns. In the self-
an alternative powerful tool to probe the inherent mechanisnsustained oscillatory regime, instead of simply spoiling lock-
and to control the behavior of pattern formation in extendedng as intuitively expected, noise controls the natural fre-
systems, in parallel with globdll1] or spatiotemporaj12]  quency of the oscillation, and reshapes significantly the
feedbacks. locking tongues of the media.

Imperfections and noise are inevitably present in real sys-
tems. Complicated front dynamics have been observed in Il. EXCITABLE REGIME
resonantly forced reaction-diffusion systems with spatial or
spatiotemporal random forcing amplitudgs3], e.g., due to Our results are based on numerical simulations of 2D lat-
inhomogeneities in illumination. To our knowledge, effectstices of NX N (N=100 locally coupled Fitz Hugh-Nagumo
of noise on resonant pattern formation of self-sustained ogFHN) model[22,23, which are paradigmatic for active dy-
cillatory extended systems have not yet been studied. Intuaamics in biology or chemical reactions:
itively noise will have degrading influences based on the 3
knowledge that it usually spoils phase locking of single os- €xj =% — % -y +AcosQt+ 92 (X = %))
cillators by phase slipgl4]. 3 4

On the other hand, the influence of noise on extended
systems can actually enhance the pattern-formation mecha- . Ty
n)i/sm [15]. Such con)gtructive effectspinclude noise-induced Vi =% +a+v2Dg;(V @
transitions [15], noise-enhanced signal propagation inwith a periodic boundary condition. Hetk,1)=(i+1,j+1).
bistable or monostable medid 6], noise-sustained wave With €=0.01 anda>1.0, the homogeneous medium is ex-
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citable. After a subcritical Hopf bifurcation a&=1.0, the
system moves into the self-sustained oscillatory regime for
a<1.0. In this section, we fia=1.05 in the excitable re-
gime. g is the coupling strength anB is the intensity of
Gaussian noisé;(t), white in space and time. The lattice is
driven uniformly by a periodic signal with a frequen€y
and an amplitudéA. This discrete lattice is suitable for the
description of excitable biological tissye.g., neurons, car-
diac cellg [25], and can also be regarded as an approxima-
tion of continuum active mediée.g., active chemical reac-
tions) [19]. The model is integrated using a Heun algorithm
[15] with a small time stept=0.001.

Without forcing (A=0), firing elements are a source for

FIG. 2. Patterns & (upped andt;+ T (bottom) in the presence
of subthreshold signdlA=0.012 ()=3.2) at various noise intensi-
. . ties: D=0.2x10* (a), D=1.0x10* (b), D=3.0x 10 (¢), and
waves spreading through the lattice at strong enough COU5-5.0x 10 (d). The moment, corresponds to a local maximum

pling g. At small intensitiesD noise inducgs clear ta_rge_t of (x) after a transient, an@l,=2m/) is the signal period.
waves when random spontaneous nucleations of excitations

are rare. At largeb, wheng is also relatively large, spread- ksharp peak is mainly a result of propagating waves from the

ing waves initiated at many random positions may be quic excitation centers in the surrounding area. The peak vBlue
enough to merge and cover almost the whole domain. After: 9 : P /B|

wards the media achieve a synchronized relaxation back o} thus controlled by both the coupling strenggrand the

the vicinity of the homogeneous steady state where anothdl°'s€ intensityD. The wave patterns and the shapeRgT)

round of noise-induced nucleation starts to sustain pulsatinire similar fgr a broad range Of. noise |nte_nS|ty< 50°° )
waves(nearly global oscillationsin the media[21,223. At =D=1x10° N NOV.V we have two time scales in the system:
weaker coupling strength, e.g.,g=0.03 considered in this he characteristic firing frequencZFP (),=27/T, and the
paper, the collision of the waves initiated from many randon"€@n firing frequencyMFF) Qq=2m/T, <€y (To=(T), is
positions results in rather irregular patteiifég. La)]. The the time average of), which are not well expressed {).
spiking sequences of individual cells are errdfiig. 1(b)], Variation of these freqyencies.vs.the nolise intengityor

and the domain does not show a coherent collective oscillad=0.03 is shown lateffig. 4]. With increasingD, spontane-
tion, as seen by almost vanishing fluctuation of the spatiaPus nucleation becomes more frequent and denser, so that
mean valugx) over the whole domaifiFig. 1(c)]. Such an both the CFR}, and the MFF(}, increase, but for smafj
irregular regime is quite different from the coherent regimetn€y are clearly different from each other. There are regions
studied previously in 1D chains of coupled FHN cqist] ~ Of largerg and correspondin® where the long tail irP(T)
where strong enough coupling and noise together already €liminated so tha@),~Q,; the spiking sequences attain a
induce synchronized oscillations of the chains. However, thénuch higher coherence compared to the most coherent firing
interplay of noise excitation and wave propagation has alPehavior in an isolated elemef#8], a phenomenon called
ready generated some internal order in the system: the di§/ray-enhanced coherence resonaRECR) [23]. Our re-
tribution P(T) of the interspike intervaT of the cells exhibits ~Ce€Nt work [24] in this coherent regime demonstrated that
a sharp peak &, followed by a broad tailFig. 1(d)]. While ACER enhances locking of 1D chains to weak signals.

the long tail related to the stochastic waiting time of noise _ I the following, the medidg=0.03 are exposed to both

excitation of the cells is very similar to isolated cells, the Signal and noise, starting from the homogeneous steady state.
Reorganization of the patterns in the presence of a subthresh-

0.06 old signal(€2=3.2,A=0.012< A;,=0.02, the signal threshold
(a) 004 (d) of noise-free medigis shown in Fig. 2. At a rather weak
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fime FIG. 3. Time series of the mean fielg) (a,b,9 and distribution
FIG. 1. Typical noise-induced behavior in the mediagat of spiking phases of all the cells over a long period of tie,f in
=0.03(D=3%10"%). (a) A snapshot of irregular wave patterrib) the forced media generating different patterggsd LSW (D=1.0
a spike sequence of an element in the latticgtime series of the X 10™%), (b, LPW (D=3.0x10%) and (d,f) unlocked patterns
spatial mean valuéx), (d) distribution of the interspike interval (D=8.0x10™%). The dotted lines in(a,b,9 indicate the forcing
of the elements. signal.
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intensity, e.g.D=0.2x 1074, noise alone can hardly initiate

target waves. Together with the weak signal, noise now ex- 0.2 002 T -
cites simultaneous many target waves which however, have ——
not been locked by the signgitig. 2(a)]. At a larger intensity 0.01 | + emcccaco00oh -4
D=1.0x10% the MFF w of all the cells is locked to the 0.0 [ (b) -
signal with a ratio 2:1,w=Q/2. The medium reorganizes 000 Lot ot o e

from patterns similar to Fig. (&) into two almost uniform g
domains [Fig. 2(b)], each locked to the signal but with -0.2
phases differing byr. Such locked standing-wave patterns

(LSW) are similar to those observed in self-sustained oscil-

latory media subject to resonant forcif#-5] or global feed- -0.4
back[11]. (x) now shows a 1:1 phase locking with the signal

[Fig. @], in the sense that there is a smaller or larger spike

. . . . I B R B 0 R EP RPN R R R

in each period of the signal. At the larger intensidy=3.0 08 5403538025 ' 55 5045 40 35 30

X 1074, the media remain 2:1 locked with the signal, but the log,,.D log,,D

spatial patterns become almost unifofRig. 2(c)] such that

(x) also shows a 2:1 phase lockifgig. 3b)]. We call such FIG. 4. 2:1 frequency locking regions at a fixed signal frequency

patterns locked pulsating wavasPW). At even larger inten- =3.2. (8) A=0.012. The frequency difference—{/2 in the

sities, the locking is lost and the patterns become denséorced media is compared to the matching between the noise-

randomly flushing clusterFig. 2d)]; however(x) displays ~ induced(A=0) CFF (Q,) or MFF (Q,) with the signal.(b) The

a clear oscillation with a 1:1 phase locking to the sigifag.  °CKind region in the parameter spa@, A). The dashed line indi-

3(c)]. The waves die out and the media relax to the homogeSaes thresholdy,=0.02 above which the signal can induce a 2:1

neous steady states when noise is ceased in simulations. '0cked response in the noise-free media. The symbols represent
Phase locking of these noise-sustained waves in the mdn‘ferent patterns in the forced media: LSW, LPW (+), and un-

. . .. . ?dcked patterns with clear 1:1 oscillations @ (+). (c) Coherence
dia, however, is not perf_ect, the domam_s_m Figéb)2and measureR corresponding t@b), which increases with and exhib-
2(c) are not fully uniform. The spiking phasep;

. L . > its a resonance for subthreshold signals. The dotted line shows co-
=Q7; mod 27 (7; being the firing time of thejth cel) has | orencer of unforced media. i.eA=0.
a distributionP(¢) with finite width, indicating fluctuations

in the firing time. For LSW, the two domains are associated;ajyes ofR at A=0 show again that the system is different
with two separated peaks with a distancemoih P(¢) [Fig.  from the regime of AECR in 1D chains considered in our
3(d)]; while for LPW, there is only one pedkFig. 3e)]. For previous publicatiorj24].
unlocked medigFig. 2d)], there are two linked peal#ig. To verify the time-scale matching condition for reso-
3(f)], since the firing in the random clusters is locked tem-pnance, we fix the noise intensify (D=3.0x 10 and Q,
porally by the signal either around a phage or #,=¢1  =1.62) and vary the signal frequency in the range <Q
+, and can slip between them. This induces the 1:1 mean<g.0. Figure 5 depicts clearly the 1:1, 2:1, and 3:1 Arnold
field oscillations in Fig. &). The peak heights if(¢) and  tongues forQ) aroundmq,, [26]. Outside but close to these
the amplitudes ofx) become smaller with increasiigout-  |ocked regions, mainly on the lowe® side, there are un-
side the locking region. locked patterns with pronounced 1:1 oscillations of the mean
The mechanism underlying frequency locking and resofield (x) [Fig. 5a), pluse$. In the 1:1 locking region, the
nant pattern formation is a matching of time scales: one timenedia display LPW which can also be observed in the 2:1
scale is the signal frequency and the other is the noiseand 3:1 regiongclosed circles In the 2:1 and 3:1 regions,
induced intrinsic CFR),. As shown in Fig. 4a), the fre-  the LSW patterns are observed where the media are reorga-
quency locking(w—-/2=0) is achieved in a range d®  njzed into 2(3) domains which oscillate with phases differ-
around this matching poirif),—(/2=0,D=1.8x 10, but  ing by 2/2 (27/3) (open circleg In all them:1 cases, the
not around (Q,-Q/2=0, D=3.2x10°% where noise- |ocking is achieved already for rather weak subthreshold sig-
induced MFF matches the signal frequency. In the parametefals. The coherence measRe@xhibits resonance feature vs
space of the noise intensity and signal amplitu@gA), ), attaining much larger values when moving into the lock-
there is a locking regioriFig. 4(b)] similar to the Arnold ing regions. The locking regions move with the noise inten-
tongue in self-sustained oscillatory media in the senseDhat sity D which controls the CFE),, but are no longer confined
controls the initial frequency mismatches. Patterns associatasy the superathreshold locking boundaries in the noise-free
to differentD and A are indicated by different symbols in homogeneous medigig. 5a), solid lineg. At rather small
Fig. 4(b). Frequency locking and resonant pattern formationintensitiesD which do not generate a CRR,, the locking
occur already for signal amplitudes much smaller than theegions approach to the superathreshold ones. There the
threshold. When locking is achieved, the fluctuations of theocking does not obey the time-scale matching condition.
firing time of the cells are reduced significantly by the weak The locking and resonance in the excitable media due to
signal. _This enhances coherence as measured Rby the time-scale matching condition as studied here is quite
=(T)/var(T), which exhibits a clear resonant feature different from usual stochastic resonance and noise-enhanced
againstD for subthreshold signals, and is much higher thansynchronization[27]. There, noise-sustained oscillations of
R of unforced medigFig. 4(c), dotted lingd. Here the small bistable systems do not establish a natural frequency. While
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FIG. 6. Effects of noise on controlling the frequency of the
self-sustained oscillatiot@=0.99. (a) CFF (Q,) and MFF({,) as
o 40 - a function of the noise intensit. (b) Distribution of the oscilla-
tion period T of the oscillators for various noise intensities. The
vertical dot-dashed line represents the period of the noise-free
0 oscillator.
1.0

regions to entrain a larger domain, so that after a transient the

FIG. 5. Response of the media to various signal frequéheyt ~ whole media become locked with almost stationary fronts.
fixed noise intensityD=3.0x 104 (a) 1:1, 2:1, and 3:1 locking Very weak coupling strengtly does not support wave
regions in the parameter spa@,A). The symbols represent dif- propagation in the discrete lattices, and the locking is lost as
ferent patterns as in Fig.(4). The dotted line shows the spiking in decoupled cells. For largerbeing able to support pulsat-
threshold, and above the solid lines are the superathreshold lockiriag waves of unforced media, the long tail R{T) is elimi-
region of homogeneous noise-free media, The corresponding  nated so thaf),~(),; the spiking sequences attain a much
coherence measuf which increases with. higher degree of coheren§23] compared to decoupled cells

an effective locking of phase and mean switching frequechg]' In this case, locking of the media can be achieved with

: - - : - - Imost vanishing signal amplituda~0 when nQQ=m(}
is achieved for sufficiently slow signals with amphtudesa . P
close to the threshold, it does not obey the time-scale matcr{—24]’ and the resonant patterns are dominantly LPW. While at

ing condition. The coherence and synchronization measure@ther largeg, waves propagate very fast to achieve almost

do not display resonance with respect to the signal frequen erfect global synchr.onization of _thg yvhole domain anq the
Q [27), and there is no effective high ordem1 (m>1) emporal coherence is reduced significaifl$]. The media
mean-f,requency locking27] again act similarly to an isolated cell without a clear fre-

Besides the similarities, resonant pattern formation ofency locking for subthreshold signals.
noisy excitable media also bears fundamental difference
compared to self-sustained oscillatory media. In the latter
case, the local oscillation frequency is close to the autono-
mous frequency of spatially homogeneous media, with some Now we consider the self-sustained oscillatory regime by
modulations by diffusive couplinggt]. As a result, the Ar-  taking the bifurcation parameter=0.99 in Eq.(1), while
nold tongues of the media almost coincide with those of &eeping the coupling strength=0.03 as in the excitable re-
single oscillator, together with some deviations resultinggime. Previous workg1-5 have demonstrated interesting
from these modulationf4,5]. In noisy excitable media, the resonant pattern formation in various self-sustained oscilla-
locking essentially disappears when the cells are decouplethry media, and here we focus on the effects of noise.

For homogeneous media subjected to a spatially uniform Unlike harmonic self-sustained oscillations fer-1 in
noise with intensityD (equivalent to a single uncoupled EQg. (1), with slow-fast variables a¢<1 in the FHN model
cell), although noise can generate coherent spike sequené&d many other active oscillatory models, the rotation along
due to coherence resonari@8], and coherence measures do the periodic orbit is rather nonuniform. The trajectory passes
show a resonance with the change of bbtand() [29], we by the unstable fixed point rather closely where it slows
find that the time scale matching does not lead to frequencgown, resulting in relaxation oscillations. In the presence of
locking for weak subthreshold signals in the whole range oft small noise, the system is rather sensitive to perturbation
D. Thus a global noise cannot induce constructive lockingonly when it is in the vicinity of the fixed point where noise
behavior in this type of excitable media. This is consistentoecomes dominant and kicks the trajectory to escape earlier
with previous observations that a global noise cannot inducen average. While this only influences slightly the geometry
coherent global oscillation@ulsating wavesof the media  of the orbit, it can alter the oscillation frequency clearly as
[21]. The intrinsic time scale essential for locking by weak depicted in Fig. 6. For small noise, wave propagation sur-
signals is necessarily induced by the interplay between theives, but the oscillation period starts to fluctuate; the dis-
random spontaneous excitations initiated by spatially uncortribution P(T) of T becomes broader and the peak shifts to
related noise and wave propagation due to coupling. Wheamaller values with increasing noise le\&ig. 6b), D=0,

), and(} are close, some part of the media oscillate with itsD=10"° and D=10"]. Accordingly, CFFQ, and MFFQ,,
phase locked by the signal. Waves propagating from thesehich are almost the same in this region, increase With
locked regions adjust the spiking phase of the neighboringFig. 6a@)]. At a threshold noise leveD=5.0x 104, the

Ill. OSCILLATORY REGIME
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FIG. 7. Locking regions of the oscillatory media=0.99 at the < 05
noise intensityD=3.0x 107“. The symbols represent different pat-
terns as in Fig. é). The Arnold tongues of the noise-free homoge- -1.0
neous media are shown by the solid lines for a comparison. The
filled triangle in the 2:1 locking region corresponds to the results in ‘2-50‘0 4:0 8.0_0'6§1 05 3 ‘.00 —0.95
Fig. 8. time X

waves fail to survive. After the transition the noisy pattern i, g, comparison of the orbit of an autonomous oscillator

becomes irregular similar to that in Fig(al. P(T) now is  (a=0) (a) with the orbit of a forced oscillatai2=3.0,A=0.01) (b).
quite broad and asymmetric, with a long tail at lafFig.  The dashed lines ita) and(b) showx value at the unstable fixed
6(b), D=10"°]. The MFF (), drops abruptly and is clearly point, x-=-0.99, and the dotted line ifb) indicates the periodic
smaller than CFR), due to the long tail irP(T), as is simi-  forcing. (c) The corresponding orbits in the phase spacg), in a

lar to the case in the excitable regirfsee Fig. 4)]. Such a  close vicinity of the unstable fixed poift
transition at the critical noise level seems to be related to

directed percolatio30], however, a detailed analysis is out

of the scope of the present work. So far the results presented in the excitable regime and in

The two effects induced by noise, i.e., fluctuation of spik-.th.e’. oscillat.o.ry regime are obtained with a spatially uniform
ing periodsT which on average shift to smaller values, havelnitial condition. We have checked that the frequency locking
significant impact on the response of the media to weak sige€havior is the same for random initial conditions and for
nals. In Fig. 7, we compare the Arnold locking tongues of thedifferent realizations of noise. The detailed resonant pattern,
media at noise intensitp=3.0x 1074 to the tongues of the however, depends on the initial conditions and the realiza-
noise-free media. In the noise-free media, the tips of thdions of noise.
locking region are located at multiples of the natural fre-
quencym(}, as a result of time scale matching. The locking
regions are quite asymmetrical for a stronger signal ampli- IV. DISCUSSION
tudeA, extending to signal frequenciés much smaller than
m(),. To understand the asymmetry of the locking regions, Two fields of investigation of spatially extended systems,
we compare the trajectory of an oscillator in the autonomousesonant pattern formation in periodically forced self-
medium to that in the locking regioff2=3.0,A=0.01, indi-  sustained oscillatory media and noise-sustained pattern for-
cated by the filled triangle in the 2:1 locking region in Fig. mation in excitable media, have received a great deal of re-
7). It is seen that the forced oscillatfifig. §b)] slows down  cent interest. Our work in this paper is on the borderline of
to perform some small oscillations around the fixed pointthese two fields. On the one hand, we have studied effects of
xg=-0.99; such small oscillations are not present in the auperiodic forcing on noise-sustained wave structures in the
tonomous oscillator in Fig.(8). Figure §c) depicts the cor- excitable regimes. On the other hand, we have considered
responding orbits in a close vicinity of the unstable fixedeffects of noise on resonantly forced self-sustained oscilla-
point F in the phase spadg,y). These plots show that slow tory media. In both regimes, we have demonstrated interest-
signals with appropriate amplitudes may lock the oscillationdng resonant pattern formation and phase locking behavior.
when the orbit is pushed closer to the fixed pdirand stays In the excitable regime, a weak subthreshold signal can be
in the neighborhood of for a longer time to match the used to probe noise-induced internal oresre the CFRY)
period of the signal. Note that the orbits away fréimare  of the media and to control the originally irregular wave
kept almost unchanged by the forcing signal. The behavior istructures into coherent resonant waves patterns. The reso-
similar for other values of(2,A) in the asymmetrical lock- nance and frequency locking occur when the signal fre-
ing regions, but the detailed oscillation patterns closé& to quency is close to a rational ratim:n) of the noise-induced
are different. In the presence of noise, the trajectory can n€FF of the media. The locking and resonance should be
longer perform those tiny oscillations very closeRaas in  observed also in subexcitable media where multiplicative
the noise-free media. The locking tongues thus become mudhpise induces transitions to excitable or oscillatory regime
more symmetrical. The tips of the locking regions shift to aand initiates waves. Noise also affects the dynamics in the
larger frequency, now at the noise-controlled GRfi,. Asa  oscillatory regime. The resonant response regions to weak
combined result of the noise effects, the locking regions havsignal have been reshaped significantly. The results suggest
been reshaped significantly, which is of importance for resothat noise, when combined with an weak signal, could be a
nant pattern formation in experimental systems where noisgery useful tool to manipulate active extended systems, such
is inevitably present. as the excitablg20] or subexcitablg17] BZ reactions in
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experiments or natural systems such as the cardiac tissdier noise-induced entrainment in human brain wayas]
[25]. which are manifestation of collective oscillations in coupled
Active excitable or oscillatory dynamics in spatially ex- excitable neurons subject to internal synaptic noises and ex-
tended systems, together with noise, are very relevant to calernal noises. Thus the control of wave structure and collec-
cium signaling in living cells. Spatiotemporal patterns andtive behavior by noise and weak signals may have a wealth
waves of calcium signals have been observed experimentallyf potential implications for active chemical, biochemical,
[31]. Recent theore_tical analysis _has_demonstrate_d the impo&ardiology and neurophysiology systems. In the biological
tance of stochastic release kinetics for calcium waveggntext, the couplings are usually not regular. The influences

[30,32. In particular, noise-sustained oscillation and AECR o hawork topology on the resonant response are under in-
have been observed in a stochastic fire-diffusion-fire mOde\ﬁ/)estigation

of calcium releasg33]. Our results in this paper suggest that
such noise-sustained oscillations may be entrained by a weak
s!gna:_, which could be meaningful for regulation of calcium ACKNOWLEDGMENTS
signaling.

Noise enhanced internal coherence has also been ob- The authors thank R. Steuer for helpful discussions. This
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