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A photosensitive chemical oscillating reaction, i.e., the Brigs-Rauscher (B-R.) reaction. exhibiting a wealth of nonlinear 
behavior. when performed in a continuous-flow stirred-tank reactor, and subjected to periodic light irradiation. is studied as an 
experimental example of entrainment phenomena observable in biological systems. The adaptation patterns under periodic 
light irradiation are elucidated by means of the response of the system to continuous and singI+pulse light irradiation. It is 
shown that self-oscillating states, excitable steady states and bistable systems can exhibit the same types of synchronization 
patterns when submitted to periodic external forces with appropriate amplitude and time scale conditions. 

1. Introduction 

Synchronization of oscillators, a thoroughly 
studied phenomenon in physics, has also been 
holding biologists’ attention for several decades. It 
is often referred to as ‘entrainment of biological 
rhythms’ by periodic stimuli. These stimuli can be 
seasonal, circadian or may originate from endoge- 
nous metabolic and electrical oscillations, thus 
screening a very broad spectrum of frequencies. 
Synchronization can play a prominent part in 
regulation processes_ For example, a wide variety 
of unicellular systems with autonomous circadian 
clocks exhibit light entrainment phenomena in the 
onset and modulation of their cell division and 
other physiological activities [ 11. Another interest- 
ing example is the perception of seasons by many 
plants [3]: adaptation of Crassulacean to extreme 
climatic conditions [3] has been shown to be 
governed by seasonal changes in the time interval 
between day and tight stimuli, each controling a 
specific enzymatic rhythm. Unfortunately, owing 
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to the existence of very complex interaction net- 
works in biologica! systems. it is very hard to 
analyze the interaction between biological oscilla- 

tors_ 
The situation is much easier in purely chemical 

systems where self-oscillatory systems can cur- 
rently be performed in very well defined environ- 
ments, free of large uncontrolled fluctuations. 

In the following, we describe the results ob- 
tained with such a chemical system, namely, the 
Briggs-Rauscher oscillating reaction 141, when sub- 
mitted to periodic light pulses. No reference shall 
be made here to any underlying kinetic mechanism 
elucidated elsewhere [5a,5b]. This study can be 
thought of as an attempt to provide a chemical 
experimental model for less tractable biological 
systems submitted to external stimuli. Though the 
chemical species involved in chemistry and in bio- 
chemistry are quite different, the nonlinearities 
implicated in both systems are of the same type, as 
they derive from mass-action kinetics_ 

The Briggs-Rauscher reaction has been chosen 



because of its high photosensitivity but also f.>r its 
rich and well established phenomenology 6-81 
\vhen performed in a continuous-flow stirred- tank 
reactor. Indeed. depending on the constraint val- 
ues. this reaction exhibits different stationaq and 
oscillating states. hysteresis and excitability phe- 
nomena_ This allows us to study various modes of 
entrainment in nonlinear chemical systems. The 
different constraints in this system are the input 
flow concentrations of the reagents (malonic acid, 
potassium iodate. hydrogen peroxide, manganese 
sulfate. perchloric acid), temperature (T), resi- 
dence time (0,) of the chemical species in the 
rtzctor and. more specific to the present work. a 

light flux. The effects of light pulses were in\.esti- 
gated on several different oscillating states. sta- 
tionary excitable states and on a bistable situation. 

The experimental setup (fig. 1) designed for this 
purpose includes the conventional continuous-flow 
stirred-tank reactor and a light source with its 
optical devices for irradiation of the reactor at 460 
nm. a wavelength corresponding to the maxirnum 

absorption of iodine. an important chemical species 

produced by the reaction. The light flux is ad- 
justed by means of a diaphragm. A shutter located 
at a focus point of the beam is driven by an 
electronic clock. Opening and closing times (i.e.. 
illumination and extinction times) range from l/l0 
to 1000 s. Two values were simultaneously re- 
corded: the chemical potential (E) of a platinum 
electrode immersed in the reaction mixture and 

Fig. I. The experimental setup. 

light flux (L) of a tenuous beam derived from the 
main incident beam. Note that the potential can- 
not be related to any particular chemical species 
but it is a reliable measurement of the chemical 

state of the system. Note also that the proportion- 
ality of L to the flux that effectively irradiates the 
reactor has been checked by actinometry measure- 
ments. In the following, the L values are expressed 
in arbitrary units (L = 1 corresponds to 1.5 x l0lh 
photons/s entering the reactor)_ The light pulses 
obtained with the shutter are square pulses. They 
can be applied either isolated or periodically_ The 
periodic light pulses are conveniently described by 
four independent parameters: P,, the photo- 
period: AL, the amplitude of the light flux jumps, 
i.e.. the difference between the two extreme values 

( L,, and Lmi,) of the light flux during one 
photoperiod; p, the ratio of the maximum irradia- 
tion time to the photoperiod; and z, the mean 
light flux during the whole photoperiod. 

2. Effec: of periodic light irradition on oscillating 

states 

Several different oscillating chemical composi- 
tions were examined during this work [9] but only 
two quite different types of adaptation to a period- 
ically changing environment were observed. We 
thus present here the effects of periodic illumina- 
tion on only two typically different compositions. 
The first composition, referred to as /3, ([KIO,], = 
0.048 mole/l, [H,O,], = 0.33 mol/l. [CH,- 
(COOH)J, = 0.003 mol/l, [MnSO,10 = 0.004 
mol/l, [HCIO, I,, = 0.056 mol/l; T = 2O”C, 0, = 2.5 
min), corresponds to a typical relaxation oscillator. 
The second composition, referred to as (Y, ([KIO,], 
= 0.048 mol/l. [H202J0 = 0.33 mol/l, 
[CH,(COOH)2], = 0.50 mol/l. [MnSO,10 = 0.004 
n-101/1, [HClO,], = 0.056 mol/l; T= 40°C. 0, = 2.5 
min). corresponds to quasi-harmonic oscillations 

found imediately beyond a supercritical Hopf bi- 
furcation [IO]. In all cases, the concentrations are 
given fur the reactor mixture prior to any reaction. 

In order to understand clearly the different 
aspects of the light sensitivity of the reaction, we 
first examine briefly the effects of continuous light 

irradiation, before analyzing in a second set of 
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experiments the response to an isolated light pulse 
and finally investigate the consequence of pe.riodic 
light pulses. 

2.1. Effect of continuous right irradiation 

Continuous light irradiation has two major ef- 
fects on the oscillations of composition fi (fig. 2). 
It reduces their amplitude and period. The mea- 
sured chemical period (PC,,) of oscillations at in- 
creasing light flux L values is: PC:=’ = 141 s, PC:=’ 

= 72 s and PCkz6 = 54 s. Eventually, oscillations 
are completely abolished beyond a given L value, 
and the previously oscillating state gives way to a 
stationary state. This transition from the oscilla- 
tory state to a steady state is found to be reversible 
as a function of the light flux. 

Composition Q( is much less sensitive to light 
irradiation: the period of oscillations remains un- 
changed (PC:=’ = PC.=” = 5.84 s) and the ampli- 
tude of the potential oscillations is slightly reduced 
when L is changed from 0 to 20. 

Thus, the influence of constant light irradiation 
clearly shows that changes in the light flux perturb 
more or less radically the chemical os:.il!ator. After 
irradation is stopped, the oscillator returns to its 
original amplitude and period, thus manifesting its 
asymptotic stability_ However. a permanent phase 
shift will generally result between the actual phase 
and the virtual phase this oscillator would have if 
it had remained unperturbed. 
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Fig. 2. Effects of continuous irradiation on the relaxation 

oscillations of composition p_ Amplitude and period decrease 

as L is increased. At L = 9. the system no longer oscillates. 

2.2. Effect of an isolated light pulse 

For the analysis of our perturbation experi- 
ments, i.e., when one temporary perturbation is 
applied to the oscillator, we use terms and defini- 
tions usually adopted for perturbation experiments 
of biological oscillators [I 1,121: Let rp. the phase of 
an event, be defined by At/P,+,, i.e., the ratio of 
the time At elapsed between this event and an 
arbitrary reference event - e.g., an extremum of 
the potential E - tc the autonomous chemical 
period PC:_ The phase of the reference event is 
then + = 0. The next reference event is at Q = 1 or 
@ = 0 (modulo 1). A+ is the normalized phase shift 
resulting from one temporary perturbation_ It can 
be measured as shown in fig. 3. The A@ value 
depends on two factors, the ‘size’ of the perturba- 
tion and the phase Q- at which it is delivered. 

In our perturbation experiments, the autono- 
mous period was measured in continuous dark- 
ness. During each set of experiments_ the ampli- 
tude AL of the light pulse was kept constant but 
the pulse duration S was changed. For a given 
pulse duration, the perturbation was applied at 
different t+ values (0 4 Q < 1). The residual phase 
shift corresponding to every phase was measured 
after recovery of the autonomous period_ As a 
practical matter, the oscillator had fully recovered 
after only four or five oscillations following the 
light pulse delivery_ 

For each S value, the A@vs. + phase-response 

Fig. 3. Measuring method for the phase shift. (a) Virtual 
unperturbed oscillator, (b) perturbed oscillator. 



curve was plotted. Fig. 4 exhibits a series of 
phase-response curves obtained on composition p 
for different durations S of the perturbation. with 
J L = 1. In our convention, A+ is positive when the 
new reference event is retarded and negative when 
advanced. At short values of S (fig. 4a and b), 
there is a significant zone where A+ values are 
virtually zero irrespective of the phase. this is the 
so-called ‘refractory zone’_ The shorter S is. the 
longer is this refractory zone. Beyond the latter. 
the curve shows a discontinuity_ A+ becomes nega- 
tive and rises again smoothly as Q is increased to 
unity. This is the ‘sensitive zone’ of the oscillation. 
The discontinuity of A+ at the borderline between 
the refractory and sensitive zones reveals the exci- 
:able character of this oscillator. As seen in fig. 4a. 
the most sensitive zone of the oscillatipa im- 
mediately precedes the chosen reference event 
(minimum of potential). At long perturbations (fig. 
4d). the refractory zone completely disappears and 
the response curve is composed of two segments of 
a straight line with a slope of unity. separated by 
exactly one period. The first part corresponds to a 
delay-inducing zone and the second to an ad- 
vance-inducing zone. The intermediate duration, 
S = 8 s (fig. 4~). gives rise to a more complex 
situation where a small refractory zone is im- 
mediately fol!owed by a delay-inducing zone which 
becomes suddenly interrupted. Beyond the discon- 
tinuity extends the advance-inducing zone. 

One of the major interests in phase-response 
curves is that they can be used to predict the 
synchronization capability of the oscillator when 
the same perturbation is periodically applied. These 
prediction properties have been mainly used for 
biological oscillators such as neuronal [ 131 and 
cardiac (121 pacemakers. Indeed. it can be shown 
[ 131 that, provided the oscillator recovers over a 
single ocsillation, the stable fundamental synchro- 
nization domains correspond to A+ values for 
which the phase-response curve has a slope be- 
tween 0 and 2. This has been checked for several S 
values on chemical composition p_ For example. it 
can be seen in fig. 4c that the phase-response curve 
obtained at S = 8 s has a slope of 1 for -0-76 + 
O-02 < A+ < 0 _C 0.008. and a slope of 1.38 for 
- 0.032 t 0.008 Q A+ i 0.124 f 0.02. Knowing 
that the domains of direct synchronization are 
given by the following relationship: 

the resulting domain of P, values providing direct 
synchronization of the chemical oscillator is 27 + 
2.5 s < P, < 142 f 3 s. Note that to positive A+ 
values correspond fundamental forced oscillations 
with periods greater than P,*h. the autonomous 
period. while to negative A+ values correspond 
fundamental forced oscillations with periods 
shorter than P& Outside the above-mentioned A+ 
regions. no entrainment at PC,, = P, is possible. 
These values are in very good agreement with the 
actual experimentally observed limits of direct 
synchronization (from 26 f 1 s to 135 + 5 s). Out- 
side this region. more complex entrainment pat- 
terns take place as shall be seen later. Further 
relationships between synchronization phenomena 
and information from phase-response curves are 
given in section 2.3.2. 

-7.3. Effecr of periodic liglrz pulses 

-7.3. I. Oil quasi-harmorric oscillarions of coniposirioti 
a 

Continuous light irradiation barely affects the 
potential oscillations of composition a, but peri- 
odic light pulses can produce dramatic changes in 
the oscillation pattern as illustrated in fig. 5. Re- 
member that the quasi-harmonic oscillations have 
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Fig. 5. Effects of periodic light pu1s.e~ (period P,J on the 
quasi-harmonic oscillations of composition a (autonOmous 
period P,* = 5.84 s): (a) P, = 5.0 S. (b) I’, = 5.2 5. (C) PL = 5-4 
s. (d) P, = 5.6 s. (e) P, = 5.8 s. (f) P, = 6 s. (g) P, = 6.2 s. (h) 
P,=6.4 s. (i) P,=6.6 s. (j) P,=6.8 s. (k) P,=7 s. (I) 
p, = 7.4 s. Direct synchronization is only observed under con- 

ditions d-f. 

an autonomous period PC% = 5.84 s in continuous 
darkness. The light parameters values chosen for 
periodic light irradiation were: p = l/2, L,,, = 20 
and Lmin = 0. 

At P, close to the autonomous period, chemical 
oscillations and periodic light pulses exactly syn- 
chronize ( Pch = PL)_ However, this synchroniza- 
tion domain only extends to the immediate vicin- 

ity of the autonomous period value, for 5.6 s < P, 
c 6 s (see fig. Sd-f). 

Outside this narrow domain, a phenomenon 
analogous to ‘beating’ appears. The photoperiod is 
no longer able to synchronize the chemical period_ 
The observed packs of oscillations result from a 
regular modulation of the amplitude and slight 
variations of the period. The mean chemical period 
F<,, measured inside any pack stays very close to 
the autonomous period. The maximum variation 
never exceeds 1%. Moreover, to some extent, the 
observed phenomenon obeys the ‘law of the beat- 
ing’ concerning harmonic oscillators. The closer 
P,is to PC%, the larger are the packs of oscillations. 
Far enough from the synchronization domain. 
packs are no longer experimentally observed (see 
fig. 51). The domain of observable oscillation packs 
extends between P, = 4.6 and 7 s. Beyond these 
limits, no amplitude modulation can be seen and 
the measured Pch never departs from the autono- 
mous period. 

Continuous light irradiation and isolated light 
pulses have already shown the high light sensitivity 
and the excitability property of these oscillations_ 
They are also very sensitive to periodic perturba- 
tions. Because of this light sensitivity. the study 
was done at constant mean light irradiation Land. 
in the following, we shall term ‘free-running period’ 
P,“, the period of the oscillation under constant 
light irradiation at L = z. The chemical period 
measured under periodic irradiation at the same 
mean flux Lwill be compared to this free-running 
period. The parameter p was held at a constant 
value of l/4. Experiments were performed at con- 
stant AL and z_ P, was incresaed from a few 
tenths of second to about 200 s. 

In composition & the periodic light pulses are 
able to induce a great variety of synchronization 
patterns. Within our experimental accuracy. all 
these synchronization patterns consisted of ‘IPI’ 
chemical oscillations during ‘n’ photoperiods, 
where m and n are any two integers. For conveni- 
ence, we may distinguish two different types of 
synchronization, those for which m = 1 and those 
more complex where 172 > 1, i.e., repetitive patterns 
involving, respectively, one chemical oscillation 



and those involving more than one chemical oscil- 
lation. In thts second type. of course_ chemical 
oscillations inside each pattern exhibit different 
durations and amplitudes_ In all cases. one can 
define a mean chemical period FCh -= (n,‘nz)Pr 
which becomes FCh = Pch = PIP, w-hen nz = I. 

Fig. 6 is an illustration of the above-mentioned 
patterns. In fig. 6a and c, m = 1. and rr = 2 and 1, 
respectively, whereas in fig. 6b and d. nl = 3 and 
tt = 4, and )H = 2 and PI = 1, respectively. 

In the simplest case, nz = 1 and II = 1 (fig. 6c), 
one chemical oscillation is achieved during exactly 
one photoperiod. It is the domain of fundamental 
forced oscillations_ At photoperiods smaller than 
the free-running chemical period. two events 
simultaneously occur: the sudden jump of L from 

J&in to J&l, and the reversal of the chemical 
potential evolution_ In accordance with the ob- 
servations related during perturbation experi- 
ments. this results in a natural decrease in not only 
the period but also the amplitude of the oscilla- 
tions. Indeed. the application phase of the succes- 
sive perturbations belongs to the advance-inducing 
zone of the oscillation. This behavior originates in 
the excitability property of these oscillations_ At 
photoperiods longer than the free-running chemi- 
cai period. the perturbations apply to a quite 

@ Pch 1 2 PL 

different phase region corresponding to a delay-in- 
ducing zone. As a result, the period and amplitude 
of the chemical oscillation are then increased to 
some extent. In all cases, before synchronization, a 
transient spell exists which extends over a variable 
number of oscillations. The application phase of 
the successive perturbations slips on the successive 
oscillations until it reaches a fixed phase value 
where it, henceforth, stabilizes_ This is the so-called 
‘phase-locking’ phenomenon. 

In the case where nz = 1 and n = 2 (fig. 6a). 
once every two Lmin + L,,, jumps apply at a 
phase belonging to the advance-inducing zone and 
the ohter applies in the refractory or delay-induc- 
ing zone. Analogous observations can be made for 
the next successive subharmonic forced oscilla- 
tionswhenn=3,4,5 ,_._. 

When T.;I = 2 and n = 1 (fig. 6d), P, is long 
enough so that a whole chemical oscillation devel- 
ops during the Lmin irradiation time and an other 
shorter oscillation develops during the L,,, irradi- 
ation time. In the same way. when P, is increased, 
three of four chemical oscillations can develop 
during one photoperiod. 

In the more complex case where m = 3 and 
PZ = 4 (fig. 6b), the otserved repetitive patterns are 
composed of three chemical oscillations during 

* * 
lmin t lrnn t 

(gJ PazPl. 

1 min t 

Fi_e. 6. Synchronization pattrrns for relaxation oscillations of composition /3. Four different patterns obtained at constant L= 2. 
p = 1/4..AL = 1 and at four different P, values.: (a) P, = 36 s. n = 2. nz = I: (b) PL = 63 S. n/nz = 4/3: (c: P,_ = 72 S. n = I. n; = 1: (d) 
P, = 140 s. n/m = I/2. 
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four photoperiods. The oscillations have different 
amplitudes and durations_ Indeed, the four succes- 
sive perturbations apply at different phases of the 
three successive oscillations, thus inducing differ- 
ent phase shifts. This and other complex synchro- 
nization patterns, when established. can persist as 
long as the photoperiod remains unchanged. i.e.. 
these complex patterns are stable. On the other 
hand, as seen in fig. 7, each n/m ratio exists over a 
certain range of P, values. That is. every repetitive 
pattern of ,)I oscillations has a certain domain of 

existence over P, values. The broadest ones corre- 
spond to the simplest patterns, e.g.. pr/~r = 4/3 or 

3/2 in fig. 7. The more complicated the patterns 
are, the narrower are the synchronization domains. 
Taking into account the limitations of our elec- 
tronic clock, many of them are even reduced to a 
single P, value. It is worth noticing in fig. 7 that 
the ,~/m ratio evolves stepwise as a function of P,. 
Thus, many discrete fractional ,z/nz values ( )?I > 1) 
may be recognized between two successive )t/nr 
integer values (nz = 1). As illustrated in fig. 7 and 
table 1. 13 fractional n/n1 values have been recog- 
nized between n/l = 2 and n/l = 1. The H/HI 
value progressively evolves between 2 and 1. In the 
close vicinity of the domains where nr = I. very 
complicated oscillation patterns appear_ Their sta- 
bility was difficult to appreciate because they al- 
ways extended over a great number of photoperi- 
ods. During these long runs, small fluctuations of 
our light source generally occurred. This can ex- 

0 
0 i0 20 30 

PL (S) 

Fig. 7. n/nz vs. P, graph obtained under the same conditions 
as in fig. 6: AL = 2, p = l/4, AL = 1. The n-integer domams 
have been shaded. 

plain the lack of stability of some long patterns 
but does not completely exclude the possibility of 
intrinsic chaotic behavior [14]. A very well stabi- 
lized light source will enable us to distinguish 
between these two possibilities in a forthcoming 
study. 

We finally illustrate in two different ways ( FC,, 
=f(P,_) maps and (AL,P,) constraint diagrams) 
five experiments, ail performed at the same Land 
p values. 

In the Pch vs. P, graphs (fig. 8) each domain of 
synchronization is a segment of a straight line 
issuing from the origin. with a slope of n/nr. At 
high AL values (AL = 8. 6. 4; fig. 8a-c), only 

segments with integer slope (n/l) can be seen. At 
low AL values (AL = 2 and 1; fig. 8d and e). 
segments with fractional slope as well as segments 
with integer slope are observed. The FC,, vs. P, 
graphs allow us to appreciate the modifications 
occurring in the chemical period under periodic 
light irradiation, i.e.. the shift of the chemical 
period resulting from its synchronization by the 
photoperiod. At the lowest AL value (AL = 1). the 
resulting FCh always remains very close to 84 s. the 
free-runing P,“h value. Indeed. entrainment of the 
chemical period by these weak periodic perturba- 
tions is not very efficient and synchronization 
operates through a great number-of complex pat- 
terns in such a way that PC,, = PC:. 

As AL is increased, the number of complex 
synchronization patterns recognized between two 

successive simple patterns (Pch = iz/l PL) 
decreases to the benefit of the latter domains 
whose extension, of course. increases_ At suffi- 

ciently high AL. only simple Pch = tzP, patterns 
can be seen. It results from the fact that, going 

from one simple pattern, e.g., n = 2. to the next. 
say, n = 1, Pch undergoes sudden jumps. For ex- 
ample, at this borderline, when AL = 8, Pch sud- 
denly jumps from Pch =2x31.5 s=63.2 s to Pch 
= 1 x 32 s = 32 s! 

The segment with slope 1 is always much longer 
than any other. It allows us to appreciate the 
maximum entrainment capability of the light oscil- 
lator on the chemical oscillator_ This can be easily 
done with the aid of table 2, for the flVz investi- 
gated AL values. Note that, as AL increases, the 
lower boundary of the fundamental synchroniza- 
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Table 2 

Conditions: t= 2. p = I/4. 

AL Variation domain of P, (s) 

8 32--12Q 
6 35-120 
4 40-115 
2 55-I 10 
I 6S- 90 

a-al form t7ZP-ch = nPt (wi& ??z> 1) will 

focus towards P, = (~r/n)P,. as AL decreases to 
zero. This makes sense, since at dL = 0. i.e.. under 
continuous light irradiation. the system must re- 
turn to its free-running period_ 

3. Effect of periodic light irradiation of an escitable 
stable steady state 

The stationary state studied is Iocated in the 
close vicinity of the oscillating state of composi- 
tion p described above. This state is stationary in 
the dark and under continuous light irradiation. 

A single light pulse is, neverthefess, able to 
induce a large deviation of the potential before it 
returns to its initial level. This large potemia1 
change corresponds to an ‘excitability peak’. It 
happens just as the light flux is shut off, provided 
the L jump (A,,, -+ L = 0) is large enough (fig. 
IO). Thresholds are characteristic of excitabIe 
states. Here, the thresho!d value is AL = 4. For 
any AL -c 4, the system returns immediately to its 
steady potential whereas for any AL > 4 a !arge 
excitability peak appears with a characteristic am- 
plitude and duration independent of AL. The exci- 
tability peak is similar to a relaxation oscillation 
seen in the neighboring oscillation domain. 

When studying the effects of periodic tight 
pulses on this stationary state, the light parameters 
values were set to L= 2, p = l/IO, AL = 20 ( Lmin 
= 0, L,,, = 20), and P, variable, Note that the 

it.L value chosen here is much larger than the 
threshoid value determined above. Fig. 11 shows 
some of the results obtained for increasing P, 
values. For large P, (P, z 180 s) one observes an 
excitabihty peak at every P,, i.e., there is direct 

time w 

Fig. 10. Effects of a light fIux jump on the stationary state: a 
jump AL = 2 (from L = 2 to I_ = 0) is inefficient. after a jump 
d L = 4 (from L = 4 tc L = 0); an excitability peak appears. 

synchronization of the excitabiIity peak on the 
photoperiod. At P, values immediately below (160 
s > P, >, 50 s), a peak of excitability is observed 
every two photoperiods, i.e., there is again syn- 
chronization but the second light pulse occurs 
during the refractory phase of the excitability peak. 
Similar observations can be made at P, = 40 s. but 
there every excitabihty peak involves five or six 
photoperiods- At P, = 30 s, excitability peaks 
emerge only from time to time whereas, for P, = 20 

Lmn 

LW. 

L 

Fig. 11. Effects of periodic light pulses (period Pr) on the same 
stationary state as in fig. let. with AZ. = 20 and p - l/10. (- 

- --) Light flux, L, (---- f pcjtenrial, E. 



s. no response at all is osberved, the system only 
Leeming to ‘see’ a mean light flux. 

It thus appears that, in accordance with the 
threshold properties of excitability, a minimum 
duration of Ihe light pulses is also necessary to 
induce an excitability peak (note that, because p is 
kept constant, tL_,, decreases with PL)_ Note also 
that a photoperiod of 50 s is able to entrain this 
chemical system on a 100 s period which is much 
lower than the direct one on one entrainment 
whose lower boundary is near 160 s. This implies 
that a low P, values, there is the possibility of an 
accumulation effect of the periodic perturbations, 
in other words, the chemical system does not 
completely recover between the successive ap- 
parently inefficient light pulses_ 

It must also be emphasized that, ahhough in the 
set of experiments reported above only simple 
synchronization patterns were presented, . more 
complex n/m patterns with m > 1 (have also been 
recognized at lower 5.L values, just as in the 
previously described relaxation oscillation state. 

4. Effect of periodic irradiation on a bistable sys- 
tem 

Several bistable regions are known [8] in the 
B.R. reaction. In the folfowing experiments. we 
shall focus our attention on a composition exhibit- 
ing hysteresis phenomena as a function of the 
continuous light flux value L. The following con- 
straint value; were retained: [CHz(COOH)J, = 
O-035 mot/l, [KIO,]a = 0.047 mol/I, [H,OJ, = 1 
mot/l. [HClO,], = 0.056 mol/l, fMnS0, ]a = 0.004 
mof/l; T = 245°C and 8, = 3 min. These experi- 
mental conditions are close to those chosen earlier 
by De Kepper and Horsthemke [15] to study 
noise-induced transitions. 

in fig. 12. the redox potential response is plotted 
as a function of a continuous light flux L. Bista- 
bihty is observed between a low-potential steady 
state (state I) and a high-potential oscillating state 
(state II). In the dark (L = 0). the system is in 
state II. the vertical segments represent the ampli- 
tude of the oscillations. As L is increased, this 
amplitude decreases and oscillations are com- 
pletely abolished beyond L = 10.5. Thereafter. a 

ICH2 (COOH)21o f 0 035 ma/! 
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Fig. 12. Potential bistability as a function of continuous light 
irradiation. Vertical segments give the amplitude of oscillations 
on branch 2. 

high-potential steady state remains until the light 
flux reaches the critical value L = 15 where the 
system undergoes a transiiion towards the low- 
potential steady state I. If LcZ is now decreased, 
the system remains in this low-potential state until 
the light flux reaches another critical value L,, = 5 
where the system unergoes the reverse transition 
towards state II. Thus, for any value 5 < L 6 15, 
the system may be in either of the two states I or 
II, the actual observed state depending only on its 
preceding history. For a better understanding of 
the following experiments, note that this bistable 
system has two critical transition values L,, = 5 
and L.,-= 15, a width AL, = L,_ -L,, = IO, 
centered-on L, = 10, and that the characteristic 
transition times T between the two states are ~t,_t 
= 2.5 min and ~r_rt = 7 min, 

Extensive studies of this bistable system were 
made under the following periodic light irradiation 
conditions: E= L., = 10 and p = l/2. The resufts 
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in the (AL, Pr) constraint plane are shown in fig. 
13. We may distinguish four regions. 

Region b, where both states I and II are possi- 
ble, is the natural extension of the b&able proper- 
ties of the system at continuous light irradiation. 
This region essentially corresponds to the low AL 

values, i.e., AL <AL,, which do not allow any 
spontaneous transition from state I to state II or 
vice versa. The system will be in state I when 
shifted from region a and in state II if previously 
in region d. At low P,, the bistable region extends 
over values of AL s- AL ,-, probably because in this 
part, the system spends too short a time just 
beyond the light flux transition boundaries. 

In region a, only state I exists. In this region, 
AL>>AL,, the system is pulled alternately be- 
yond each transition boundary. But, because P, is 
short and ~,t_t smaller than r,_,,. the stability of 
state I is favored. 

In region c, induced oscillations are observed_ 
Indeed. region c corresponds to large-magnitude 
perturbations and long photoperiods, thus allow- 
ing the system to drift along one branch of the 
bistable system and undergo a transition during 
the time the light flux is at its maximum and then 
to drift and jump back when L is at its minimum. 

iL 

18 - 

16 
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lo- 
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Fig. 13. Phase diagram (ALP,) obtained when the bisfable 

system is under periodic light irradiation (L= 10, p = l/2). 
Four regions: (a) only state I is stable, (b) state I and state II 
are stable. (c) induced relaxation oscillations (complex patterns 
(*) or simple pattern (+)), (d) state II and induced relaxation 

oscillations. 

Thus, periodic perturbations will induce periodic 
runs around the hysteresis cycle. They can be 
thought of as relaxation oscillations and they are 
naturally synchronized with the photoperiods. 
However, here again, we can observe different 
types of synchronization patterns, depending on 
the AL and P, values. In the upper right-hand 
corner, direct synchronization is observed (PC,, = 

l/l PL)_ As shown in fig. 14a. these induced 
oscillations are the combination of large induced 
oscillations and small oscillations belonging to state 
II. Just below, more complex synchronization pat- 
terns are observed, as shown in fig. 14b. Notice the 
strong similarity between this behavior and that 
previously observed for both relaxation oscilla- 
tions and the excitable state. 

Region d corresponds to bistability between 
steady state II and induced oscillations. 

The total resulting domain of induced oscilla- 
tions includes regions c and d. It has an asymptoti- 
cal limit for long P,. at AL=AL== IO. When P, 

is shorter than any of the characteristic transition 
times, the system still exhibits induced oscillations 
for AL x=- AL,. This can be understood by the fact 
that the further the system is pulled from its 
critical bistable values, the faster the transitions to 
each state occur. This phase diagram bears some 
similarity to the cross-shaped diagrams described 

a) n:l 

wtential 

bl n-3 
m -YT 

PL 3 

PL 1240 5 
L min z 1 L,in 1 1 

Lmox z 19 Lmox = 19 

. ..-.-... light flux L -potential E 

Fig. 14. Oscillation diagrams induced in regions c and d cm fig. 
13. (a) n = 1. simple pattern but composite oscillations; (b) 
n/m = 3/2. two oscillations during three photoperiods. 
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by Boissonade and De Kepper [16] in systems 
compounded of a bistable and of a feedback sub- 
system_ but here it is the external periodic change 
in iight flux that plays a role similar to the feed- 
back in their cross-shaped diagram. 

5. Discussion 

Let us now compare, at the phenomenological 
level. our experimental results with those obtained 
for biological oscillators subjected to similar ex- 

perimentation. 

Perturbation (or ‘phase resetting’) experiments, 
using single perturbations. are commonly carried 

out in order to test the sensitivity of biological 
clocks to their environment. Let us mention. among 
others. typical examples of the rhythmic eciosion 
of the flesh fly Drosophila Pseudoobsctmt [ 1’7,lSJ. 
the alternating opening and closing of the flower 
of Kduttdtoe Blossfeldiuttct [ 18,191. the cellular 
oscillator of the periodically agregating slime 
mould ZX~<~osteiiwn Discoidetmt f20]. and the 

rhythmic flrmg of neuronal 1211 and cardiac [12] 
pacemakers. The results are usually gathered in 
phase-response curve representations resembling 
those in fig. 4, with refractory zones, delay- and 
advance-inducing zones. sometimes separated by 
discontinuities. 

In fact_ as pointed out by Winfree [IS]. there 

are. in the literature. notable differences in the 

definition of advance and delay. which caused 

some confusion in the significance of discontinui- 

ties eventually appearing in the phase-response 
curve representations. Do these discontinuities 
correspond to real physiological jerks linked to the 
oscillator mechanism? Or are they only artefacts of 
the representation? Both cases are encountered. 

In our experiments in fig. 4. the discontinuity 
between the refractory (or the delay-inducing) zone 
and the advance-inducing zone indubitably 
originates in the marked excitability character of 
the oscillation of composition p_ This discontinu- 
ity increases with the size of the perturbation. to 
reach a maximum value equal to a whole cycle for 
s = 32 5. 

Artefnctuai discontinuities. in some biological 
studies [17-191. are introduced by the way delays 

and advances are evaluated: in such cases. the 
phase shift is measured as the difference, in cycle 
units, between the time of a reference event in the 
perturbed oscillator and the time of the nearest 
reference event in the undisturbed control oscilla- 
tor. This convention, obviously, infers that no 
advance (or delay) can be greater than half a 
cycle: indeed, if an advance (delay) is greater than 
half a cycle, it would appear as a delay (advance) 
of the previous (following) cycle. This arbitrary 
distinction between delay and advance can intro- 
duce a discontinuity of a whole cycle amplitude 
between delay- and advance-inducing zones, 
without physical significance. As a matter of fact, 
such a definition would change into delays part of 

what we have determined as advances in fig. 4. 
In order to avoid such an inconsistency in the 

representation of the phase-resetting experiment. 
Winfree [ I!] tends to adopt another graphic form: 
the ‘new phase vs. old phase’ maps. But, in this 
type of representation, there is a loss of informa- 
tion: first, it evades the problem of advance and 
delay, which are not just relative notions, as we 
have shown; second, it doos not allow direct pre- 
diction of the entrainment capability of the oscilla- 
tor. 

From both considerations, it results that the 
phase-response curve representation_ as used in 
fig. 4, is more desirable. For a correct reading of 
the phase shift as delay or advance. one must 
number the cycles (or reference events) which have 
occurred since the time of perturbation. The phase 
shift must then be measured between cycles of the 
same rank (see fig. 3) in the perturbed and unper- 
turbed oscillators. 

Periodic forcing of biological oscillators is cur- 
rently used in biological studies whether it is for 
an economic goal (increase in the egg yield of 
hens) or for medical purposes (cardiac stimulators). 
The major results are similar to those we have 
observed in the chemical oscillator but the differ- 
ent phenomena observed in our set of experiments 
are more or less scattered over a large number of 
different systems. Some of the most thorough en- 
trainment studies were made in the case of neuro- 
nal [22] and cardiac [12] pacemakers submitted to 
periodic stimuli. They show fundamental entrain- 
ment as well as harmonic and subharmonic en- 



trainment in the same way the chemical composi- 
tion /? does: at large perturbation size. in the case 
of ref. 22, or at small perturbation size. in the case 
of ref. 12. Moreover, in the latter case, chaotic 
behavior has also been evidenced at particular 
values of the forcing frequency. Let us also men- 
tion the case of the n/l synchronization patterns 
observed in the gl;lcolytic oscillator subjected to 
periodic variations of the substrate rate injection 
[23], and the large domain of entrainment of the 
Kalanchoe petal rhythm on periodic red-light 
pulses [19]. It is worth noticing that the behavior 
of all these biological oscillators, easily forced over 
large domains of frequencies. is more consistent 
with the observations made on composition p than 
those on ocmposition 0~. which suggests that most 
biological oscillators have highly nonlinear dy- 
namics. 

6. Conclusion 

It appears that either relaxation oscillations, 
steady excitable state or bistability. can lead to the 
same types of synchronization patterns when sub- 
mitted to periodic perturbations. The main com- 
mon character of these three phenomena is the 
existence of threshold values for the perturbation 
In the relaxation oscillations, this is made evident 
through the discontinuity in the phase-response 
curve, whereas, the existence of a threshold per- 
turbation value in the recovery dynamics of a 
steady state defines an excitable state. In the bi- 
stable system_ the critical values of the hysteresis 
loop correspond to two threshold values. Thus, 
there is no need for an intrinsic periodic clock for 
a system to exhibit adaptation to an external peri- 
odic force. The remark is important when studying 
entrainment phenomena in nature. We have shown. 
in fact. that excitable steady states and bistable 
systems could also act as time dividers when sub- 
mitted to periodic perturbations. The only sensible 
way to distinguish between these three possibiliti;a 
is then of course, when possible, to study the 
system freed from its periodic forcing. Note also 
that most known biological self-oscillating systems 

exhibit responses to single perturbations or en- 
trainment capability consistent with that of non- 
linear excitable oscillators. 
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