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ABSTRACT

The light-sensitive Ru(bpy)3"-catalyzed Belousov-Zhabotinsky (BZ) reaction is
used to observe the dynamics of a rigidly rotating spiral wave. This version of the BZ
reaction can be effectively manipulated by applying external illumination with local or
non-local feedback algorithms. For the dynamics of the spiral wave under local feedback
control, each light pulse is applied at the moment that corresponds to the passage of
the wave front through a particular measuring point. The light pulses induce a drift
of the spiral wave core away from the measuring point and finally along circular orbits
centred at this point. The trajectory of the spiral wave describes a resonance attractor.
For a small distance (less than 0.15 of the spiral wavelength) between the measuring
point and the initial location of the unperturbed spiral wave, a resonance attractor with
hypocycloidal shape is observed, whereas for a larger distance an epicycloidal resonance
attractor occurs. The size of the attractors can be changed by introducing a time delay
into the feedback loop. When the time delay in the feedback loop becomes relatively
long, the shape of the hypocycloidal resonance attractors deviates strongly from circular
orbits. Experimental results are compared with an earlier developed theory on the
resonance attractor.

Non-local feedback that computes the feedback signal proportional to the aver-
age wave activity, taken over a sensory domain that covers only part of the reaction layer,
is introduced. In this work, the illumination intensity is proportional to the average wave
activity within a square-shaped sensory domain of the reaction layer. The investigations
show a broad spectrum of dynamical responses which result in square-shaped trajec-
tories of the spiral tip, including reflections at the virtual walls. Experimental results
show that the geometry of the sensory domain is crucial in determining the size and
shape of the tip trajectories that are asymptotically reached.

KEY WORDS : SPIRAL WAVE DYNAMICS / BZ REACTION / FEEDBACK CONTROL
LOCAL / NON-LOCAL / HYPO- AND EPICYCLOIDAL
RESONANCE ATTRACTORS / SQUARE-SHAPED SENSORY DOMAIN
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CHAPTER 1

INTRODUCTION

The spontaneous formation of self-organized structures is one of the most fascinating
phenomena observed in many physical, chemical, and biological systems. The com-
plexity and diversity of self-organized systems may occur in nonlinear dynamics under
conditions far from thermodynamics equilibrium, governed by the laws of nonlinear
dynamics [1]. A typical phenomenon is the formation of patterns showing complex tem-
poral or spatio-temporal dynamics [1, 2]. These observations of patterns of chemical
origin are important for biology, since every living system consists of many chemical
compounds in a mixture. At the beginning of the 1950s, A.M. Turing [3] discovered
that a condition for pattern formation is the interaction of two substances with differ-
ent diffusion constants. He described a mechanism associated with a reaction-diffusion
model for the chemical basis of morphogenesis, which is, for instance, the formation of
chemical patterns in the skins of animals during their embryonic development [3]. Many
phenomena in nonlinear systems, such as propagation of active electrical pulses along a
nerve axon [4], a wave on the skin of the marine angelfish Pomacanthus [5], and chemi-
cal waves in an oscillating chemical reaction [6] can be explained by a reaction-diffusion
model.

During the 1950s, an oscillating chemical reaction was discovered experimentally by
B.P. Belousov [7]. Later, in 1961, A.M. Zhabotinsky [8] carried out extensive studies
on the same system and developed a modified version of the reaction known as the
Belousov-Zhabotinsky (BZ) reaction [6]. This reaction exhibits chemical oscillatory be-
haviours that can generate travelling chemical waves, such as target patterns and spiral
waves [6, 9]. The travelling waves in the BZ reaction are observed in a class of reaction-

diffusion systems called excitable media [9, 10, 11]. These media are characterized by
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the existence of at least one steady state that is stable to small perturbations. How-
ever, if the perturbations exceed a critical threshold then the system responds with
an excitation. The medium goes through a refractory period once it has been excited.
The refractory period enables steady, periodic oscillations to be set up, giving rise to
spatio-temporal patterns [10, 11, 12, 13]. The property of excitable media in the BZ
reaction exhibits an interesting behaviour that is the variety of possible wave patterns.

Breaking of a wave front leads to a spiral wave, which occurs as a rotating wave
of chemical activity in the BZ reaction [6, 9]. The spiral-shaped pattern is a well
known structure seen in organisms. Spiral wave dynamics has been found extensively in
excitable media, for instance action potentials in neural tissues [14, 15], travelling waves
in the BZ reaction [9, 16], excitation waves in heart muscle fibres [17, 18], aggregating
patterns of slime mold colonies [19, 20], CO-oxidation on platinum surfaces [21, 22|, and
NADH and proton waves during oscillatory glycolysis [23] (see Fig. 1.1). Among the
systems, the BZ reaction is the most suitable laboratory system to study the dynamics
of spiral waves and to find suitable means of control.

One important feature of a spiral wave is the motion of the spiral tip, which has
been studied both experimentally [24, 25, 26, 27] and numerically [28, 29, 30, 31] in
the BZ reaction. The dynamics of spiral wave can be described by tip trajectories with
different rotation frequencies including flowerlike and circular orbits, which are referred
to as meandering and rigid rotations, respectively [24, 29]. The dynamics of tip motion
depends on the excitability of the system. If the light-sensitive Ru(bpy)%+ catalyst is
used, an externally applied illumination can completely suppress the excitability of the
medium. Thus the dynamics of a spiral wave in the light-sensitive Ru(bpy)%*—catalyzed
BZ reaction can be effectively controlled by external illumination [32, 33, 34, 35, 36, 37,
38, 39].

Control of the dynamics of a spiral wave can be done by external forcing [33, 34, 37]

or more complex feedback algorithms [34, 35, 36, 38, 39]. One of the feedback schemes
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Figure 1.1: Example of spiral waves in excitable media: (a) colliding spiral-shaped
front in neural tissue with spreading depression waves on chicken retina (from [15]),
(b) spiral wave in the Belousov-Zhabotinsky reaction, revealing the front of oxidized
ferroin catalyst (from [16]), (c) clock-wise rotating wave of isolated canine cardiac muscle
(from [18]), (d) aggregation of social amoebae in the cellular slime mold Dictyostelium
discoideum (from [20]), (e) population of spiral waves with different rotation periods
and wavelengths in the catalytic CO-oxidation on a platinum surface (from [22]) and
(f) spiral waves of NADH during the glycolysis in cytoplasm extracted from yeast cells
(from [23]).

known as a local feedback control is based on the activity level of the system. The
activity level can be measured at a particular measuring point, and then a light pulse
is applied at the moment corresponding to the passage of the wave front through the
point. The local feedback mechanism was investigated originally for a spiral wave with a
meandering tip [34]. Under this type of feedback control two dynamical regimes, called
the entrainment attractor and resonance attractor, have been observed depending on
the initial distance between the centres of the initial location of the spiral core and

the measuring point [34]. More recently, the resonance attractor was observed in the

dynamics of a rigidly rotating spiral wave under this type of feedback [35, 40, 41]. Hence
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in this work we will be interested in the features of the resonance attractor starting
with a rigidly rotating spiral wave. In an extension of the local feedback control, the
feedback signal is taken to be proportional to the average of the wave activity within
sensory domain that covers only a part of the reaction layer. This is so-called non-local
feedback control [36]. This method is investigated using sensory domains of various
shapes and sizes.

In this research, the dynamics of rigidly rotating spiral waves in the light-sensitive
Ru(bpy)?-catalyzed BZ reaction under local and non-local feedback control have been
investigated as follows. The scope of this research including the detailed objectives are
presented in Chapter 2. In Chapter 3, the properties of the BZ reaction are described
and the dynamics of spiral waves and their control in this reaction is introduced. In
Chapter 4, the materials and experimental methods are presented. Chapter 5 focuses
on the results and discussion. Conclusions are drawn from all the results of this work

in Chapter 6, and perspectives are also presented.
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CHAPTER 2

OBJECTIVES

The aim of this research is to study the dynamics of a rigidly rotating spiral wave in
the light-sensitive Ru(bpy)?—ca‘calyzed BZ reaction. This system can be effectively
controlled by applying an external illumination with an algorithm based on local or
non-local feedback control. The objectives of this research are as follows:

1. To observe the dynamics of a rigidly rotating spiral wave under local feedback
control. The hypocycloidal resonance attractors are studied and compared with the
epicycloidal resonance attractors.

2. To investigate the dynamical response of the hypocycloidal resonance attractor
on application of varying time delay (7). The theoretical prediction is developed to
analyze and explain the experimental results.

3. To observe the dynamics of the rigidly rotating spiral wave under the non-local
feedback control derived from a square-shaped sensory domain and effect of size of the

applied domain on the spiral wave dynamics.
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CHAPTER 3

BACKGROUND AND LITERATURE REVIEW

Spontaneous pattern formation has been widely studied in many nonlinear systems [15,
16, 18, 20, 21, 23], especially in chemical oscillations [9]. The BZ reaction is one of the
chemical oscillations which has been extensively studied. Patterns, such as target and
spiral patterns, can be generated in the BZ reaction [6]. An intriguing example of
these patterns is the spiral wave that has been observed, for example, in the light-
sensitive Ru(bpy)?r—catalyzed BZ reaction [33, 42]. The dynamics of spiral waves in
this system can be effectively controlled by applying an external illumination [32, 33,
34, 36, 37]. This chapter presents an overview of the BZ reaction and an introduction

to the dynamics of spiral waves in this system.

3.1 The Belousov-Zhabotinsky (BZ) reaction
3.1.1 Chemistry of the BZ reaction

Before the development of the BZ reaction, there were arguments that spontaneous
temporal self-organization violated the Second Law of Thermodynamics, since the con-
centration of the reactants and products are increasing and decreasing with time while
the free energy must monotonically decrease to the equilibrium value. However in the
1930s, Onsager, Prigogine, and others [1] realized that the laws of non-equilibrium ther-
modynamics [1, 2] could be applied to systems far from equilibrium. The free energy
of the reaction is always decreasing since high free energy reactants are continuously
converted to low free energy products. However intermediates can undergo oscillations
on the way to equilibrium [43].

The origin of modern nonlinear chemical dynamics can be traced to Belousov [7], who

discovered oscillating chemical reactions in the 1950s. The reaction was an inorganic
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analog of the Krebs cycle, which is a key metabolic process in which a citric acid
is an intermediate [7]. Later, in the 1960s, Zhabotinsky [8] studied intensively the
same system and demonstrated that if the reaction mixture was left unstirred, spatial
periodic variations of the intermediates can also occur. It was shown that the citric acid
in the reaction can be replaced by malonic acid to obtain a better system, which did
not produce a precipitate [8]. This reaction is called the Belousov-Zhabotinsky (BZ)
reaction. The overall BZ reaction is the oxidative bromination by acidic bromate of an

organic substrate such as malonic acid [44]:
2BrO3 + 3CH3(COOH), + 2Ht — 2BrCH(COOH); + 3CO3 + 4H,O (3.1)

The BZ reaction is catalyzed by an oxidation-reduction couple such as Ce*t/Ce3T,
Fe(phen)3 " /Fe(phen)3" or Ru(bpy)s'/Ru(bpy)a". The concentrations of some chem-
ical intermediates can vary in time periodically [44]. During the oscillatory phase the
ratio of the oxidized to reduced form of the catalyst and the concentrations of Br™,
and/or the other species can oscillate through hundreds or even thousands of cycles.
The overall oxidation reaction then proceeds equilibrium. Figure 3.1 shows the temporal
evolutions of [Br~] and [Ce**]/[Ce3t] ratio. After an initiation period, [Ce**]/[Ce3]

and [Br~] show oscillatory behaviour. The oxidation and reduction of this catalyst

;l,E- n log(iCelVV/ [Ce}) 40
44 =
o [1}]
Q
3 -5 W-z S
E £
6| 8
@ =
= log[Br] >
2 7. \ 8
= S R ! ! T i i i
0 150 300 450 600 750 900 1050 1200 1350 1500
Time/s

Figure 3.1: Potentiometric traces of log [Br~] and log [Ce**]/[Ce3*] in the BZ reaction
(Redrawn from Field, Kéros and Noyes in 1972). Initial conditions were [CHo(COOH)2]o
=0.032 M, [KBI‘Og]O =0.063 M, [KBI‘]O =1.5x% 10_5 M, [Ce(NH4)2(N03)5]0 =0.001 M,
and [H2SO4)o = 0.8 M (from [45]).
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causes the solution to change colour periodically from colourless to yellow [12].

3.1.2 FKN mechanism

The detailed mechanism for the BZ reaction was developed by Field, Koros, and Noyes

in 1972 [45, 46, 47, 48]. This mechanism is called FKN mechanism and is used to

account for the oscillations of the BZ reaction in terms of various chemical elements [12,

46, 47, 48]. A simple version of the FKN mechanism can be divided into three processes

as indicated in Table. 3.1.

Table 3.1: FKN mechanism for the BZ reaction [46, 47, 48].

Reaction Rate constant

Process A

Reduction and exhaustion of Br—

(A1)  BrO3 + Br~ + 2H" — HBrO; + HOBr kap =2 M 371
(A2) HBrO, + Br— + H* — 2HOBr ks = 106 M~25~1
(A3)  3:(Br~ + HOBr + H* — Bry + H20) kaz = 8x107 M~2s~1

Bromination of organic substrate

(A4)  3-(Brs + CHy(COOH), — BrCH(COOH), + Br— + H+)

(A)  BrO; + 2Br~ + 3CH,(COOH), + 3H+ — 3BrCH(COOH), + 3H,0

Process B

Radical generation and oxidation of Cat,.
(B1) 2:(BrO; + HBrO,; + H* — 2BrO$ +H,0) kg1 =10 M~2s7!
(B2) 4-(BrO$ + Cat,. + Ht — HBrOs + Cat,,) kpy = 6x10° M~2571

HBrO, disproportion
(B3) 2HBrO; — BrO3 + HOBr +H™" kps = 2x10% M~ 1s~!

(B) BrOj3 + 4Cat,. + 5Ht — HOBr + 4Cat,, + 2H,0

Process C

(C)  2Cate,+ HOBr + 2CH,(COOH), 2Cat,. + 3HOCH(COOH),

—

+ BrCH(COOH), + 2H,0 + 2Br~ + 4H*
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Process A is the reduction of BrOz by Br~ through a series of oxygen atom transfers
(2-electron reduction) producing HOBr and Bry, and the subsequent bromination of
CH2(COOH)3 by Bra. It is dominant at high [Br~], but its net effect is only the removal
of Br~. When [Br~] falls below a critical value, [Br~] < (ks/k2)[BrOj ], the system shifts
to Process B. The important mechanism in Process B is the autocatalytic generation of
HBrO, with the concurrent oxidation of the metal catalyst. The reaction of HBrOy with
BrOj to yield the radical species BrO3 (Reaction B1)becomes competitive with removal
of HBrOs by Br™ (Reaction A2). The oxidation of Cat,. to Cat,, with the production of
[HBrOs] arises from the single-electron oxidant BrO$ (Reaction B2). The autocatalytic
production of HBrOj is eventually limited by the disproportional reaction (Reaction
B3). The next step is the oxidation of CHy(COOH)2 and BrCH(COOH); by Cat,, in
Process C, which reduces Cat,; back to Cat,. and provides a negative feedback loop by
the production of Br~. Thus this process brings Process A back when [Br~] reaches a
sufficiently high level. The three processes, which are proposed as essential components
of the BZ reaction, take place successively to constitute one oscillation and the sequence
is then repeated. When Br~ is consumed to a critical concentration in Process A, the
autocatalysis in Process B takes place and the Br™ is regenerated in Process C'. Thus

oscillations may occur whenever Process B is linked with other processes.

3.1.3 Oregonator model

Based on the FKN mechanism, Field and Noyes also proposed a simplified version of
the BZ reaction involving the behaviour of a three-variable scheme, called Oregonator
model [46]. This model consists of five irreversible steps with six chemical components

from the elementary reactions in the FKN mechanism as shown in Table. 3.2 [47, 49, 50].
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Table 3.2: Comparison of the Oregonator model and the FKN mechanism [47, 49, 50].

Oregonator model Comparison with FKN
O1) A+W 2L U+P k=2 M 3s L [H]? (A1) slow reaction
(02) U+W t2,9p ke =105 M—2s71[HT] (A2) fast reaction; low[HBrOs)]
(03) A+U L9, 90U 42V ky =40 M~2s71[HT] (B1 and B2) autocatalysis of HBrOq
(04) 22U X A+P  ky=2x10M-'s"!  (B3) limitation of [HBrOs]
(O5) B+V L, pw ks = 0.4 M~1s7! (C)  regeneration of [Br™|

U =HBrOg, W =Br~, V = Catoy, A = BrO3, P = HOBr , and B = BrCHy(COOH)q,
the rate constants k; to ks, and the stoichiometric factor f are the variables. [A] and [B]
are held constant as is the hydrogen ion concentration (included in the rate constants).
The product P, which goes on to brominate malonic acid, does not appear in the rate
equations because only the features essential to the dynamical behaviour are included
in this model [46, 47, 49, 51].

If the elementary steps of the model are all assumed to be irreversible [46, 47, 49],
the kinetic behaviour of the Oregonator can be described by a system of the differential
equations involving the concentrations of the three intermediates with respect to time

as follows [47, 49]:

dU
o= kiAW — kyUW + ks AU — 2k4U?,

dv

—- = 2ksAU —k;BY, (3.2)
dw

—r = kAW =k UW + fhs BV,

The concentrations are transformed into the dimensionless variables defined by [49]

2ky ko ksksB .
= — = — = — = B
oA U w Tad W, w V, t = ksB(time),

! (ks A)?

(3.3)
ksB ,_ 2kekiB 2k
ks AT C T ThgksA T= ks

E =
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Substituting Eq. (3.3) into Eq. (3.2) yields the system of three differential equations as

follows:
du  qw—uw+u(l —u)
dt £ ’
d
d—: = u-—v, (3.4)
dw — —qw—uw+ fu
dt g '

Equations (3.4) can be reduced to a two-variable system with only du/dt and dv/d¢
equations. The small parameters ¢ and € may thus cause any oscillatory response to
have the form of relaxation oscillations. When ¢/ < ¢ < 1, i.e., € is very small, the
bromide ion concentration will always adjust rapidly to the instantaneous composition
of the reacting mixture. Thus the [Br~] will always remain close to a value such that

the right-hand side is equal to zero (dw/dt = 0) [49, 52]:

_ fv
- (3.5)

Substituting Eq. (3.5) into Eq. (3.4), the resulting two-variable system is governed by

the rate equations describing the chemical reaction without the diffusion terms:

du u—q
u

o - T O}
. (3.6)
d_:f} = u—v = g(u,v).

Reaction-diffusion BZ system
The reaction-diffusion BZ system consists of molecular transport through diffusion and

chemical reaction. The diffusion term can be added to the Oregonator model in Eq. (3.6)

to give [49]:
ou B 1 2 q 2
5 = E(u u fvquq)—l-DuV u,
(3.7)
ov = u—v+ DV,

ot
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where u and v describe the concentration of autocatalytic species (HBrOz) and the
oxidized form of the catalyst (Cat,;), respectively. f(u,v) and g(u,v) represent the
chemical kinetic reactions of state variables u© and v. € < 1, where € is proportional
to the ratio of the diffusion rate with respect to the chemical reaction rate. D, and
D, are the transport (diffusion) coefficients for v and v [43, 49]. The coupling between
the diffusion and chemical reaction can lead to the spatial organization generating the
chemical waves in the BZ reaction. [50]. Note that in the system used in this work the
catalyst of the BZ reaction is immobilized in the silica hydrogel with the result that its
diffusion coefficient D,, = 0. However, for aqueous solution, it has a finite value, which
is generally taken to be equal to the diffusion coefficient of the autocatalytic species (D,,

= D,) [50, 53).

3.1.4 The light-sensitive catalyst Ru(bpy);" in the BZ reaction

In the BZ reaction, the light-sensitive ruthenium bipyridyl complex (Ru(bpy)3") is used
as a catalyst [32] for studying the effect of external forcing on spiral wave dynamics.
The catalyst Ru(lopy)g)+ promotes the autocatalytic production of HBrOs, which is the
activator species in the BZ system. An applied illumination enhances the production
of the inhibitor Br~. The excitability of the medium depends on the externally applied
illumination. For examples, a low light intensity corresponds to high excitability of
the medium, whereas high light intensity corresponds to low excitability. This provides
an experimentally accessible method to control spiral wave dynamics [32], since the
light intensity influences parameters such as the wavelength, period of rotation and the
diameter of the spiral core.

The photosensitive catalyst tris(2, 2/-bipyridine)ruthenium(IT) complex (Ru(bpy)3*)
is a metal co-ordination compound. A ruthenium atom is bonded to three 2, 2’-bipyridine
ligands in such a way that the metal is located at the centre of the octahedron arrange-

ment of the nitrogen atoms of the ligands, as shown in Fig. 3.2. Upon light absorption,
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Figure 3.2: The structure of Ru(bpy)3" [32]: (a) the 2,2-bipyridine and (b) the ruthe-
nium ion is coordinated by three bipyridyl ligands to form Ru(bpy)?.

the Ru(bpy)g+ complex becomes photochemically excited:
Ru(bpy);t + v — *Ru(bpy)i" (3.8)

The exited state can relax to the ground state nonradiatively or radiatively in the form
of photoluminescence, and has chemical properties, which differ from those of the ground
state. The maximum absorption lies at A = 452 nm [32].

Several mechanisms have been proposed to account for the light-sensitive Ru(bpy)?r-
catalyzed BZ reaction which shows a variety of photoinduced behaviours including pho-
toinhibition (transitions from oscillations to steady states) [54], photoinduction (transi-
tions from steady states to oscillations) [55, 56], and irregular oscillations [57] under a
constant illumination of light. On the basis of the FKN mechanism (see Section 3.1.2),
it is reasonable to consider that the inhibitory effects of illumination result from the
formation of excess bromide ions due to the photochemical reaction of Ru(bpy)3t [54].

Kuhnert [32] has proposed that absorption of light can induce a dramatic change in
the redox properties of Ru(lopy)?;r and *Ru(bpy)?r. The excited state of this catalyst

is able to reduce bromate to the inhibitory bromide directly via [32]:
6*Ru(bpy)2™ 4+ BrO3 + 6HT — 6Ru(bpy)s" + 3Ho0 + Br~ (3.9)

In the same manner, Jinguji et al. [54] had reported the inhibitory effect of light and

explained the observation based on the FKN mechanism. The photoexcited ”‘Ru(bpy)%Jr
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serves to reduce the reactant BrO3 to Br™, which is the primary autocatalysis inhibitor

in the BZ reaction.
BrO3 + HBrOy + 2*Ru(bpy)s™ + 3H" — 2Ru(bpy)it + HBrO, + 2H,0  (3.10)

Furthermore, the photochemical reduction of BrO3 to Br™ in the presence of oxygen
has also been proposed by Reddy et al. [57]. They suggested a scheme involving the
photochemical production of the autocatalyst HBrOy and the inhibitor Br™ to account

for the illumination effect on the Ru(bpy)2 " -catalysed BZ reaction [54, 57].

Extended Oregonator model

An additional constant bromide flow ¢ observed under a constant illumination, is as-
sumed and the velocity of the bromide release is proportional to the light intensity.
The wave propagation in the medium can be simulated by the two-variable Oregonator

model [46, 49] in Eq. 3.7 as follows [58]:

8U - 1 2 u—q 2
5 = 6[u U (fv+¢)—u+q]+DuV u,
(3.11)
@ = u—v+ D,V
8t - v b

where the photochemically produced bromide flow ® is scaled to give the dimensionless

variable ¢ = (2ky/(k3A)?)® [49, 58].

3.2 Waves and patterns in chemical reactions

As previously mentioned, the coupling between diffusion and chemical reaction generates
chemical waves in excitable media. The BZ reaction, which is an example of excitable
media, supports experimental studies of the chemical waves. The spiral wave is one of
the fascinating wave patterns in this reaction [9, 10, 11, 44]. The characteristic properties
of spiral waves in the BZ reaction have been extensively studied both experimentally [9,

16, 24, 25, 26, 27, 59] and theoretically [10, 11, 28, 30, 31, 50, 60].
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3.2.1 Chemical waves

Chemical fronts and waves are variations in concentrations of chemical species, or pos-
sibly in other state variables, which travel in space and occur in the nonlinear reactive
systems far from equilibrium [44]. Travelling waves in the BZ reaction can be continu-
ously generated by new waves being born and moving through the medium. The wave
fronts of chemical activity may have various shapes depending on the geometry, such as
plane waves in one dimension, target patterns and spiral waves in two dimensions, and
scroll waves in three dimensions.

Chemical waves in one spatial dimension are easiest to explain and simulate numer-
ically. The wave profile in space resembles the concentration with time profile for the
homogenous reaction [48]. The waves in three dimensions are rather difficult to obtain
experimentally and give rise to highly dramatic structures. For an intermediate case,
the wave in two-dimensional system is the one that frequently occurs in nature, and
that can be easily created in the laboratory [6, 44]. Moreover, the two-dimensional
wave provides some of the most beautiful and interesting phenomena in chemistry.

In a uniform two-dimensional medium, the wave emanating from a point produces
a circular front since it travels at the same velocity in all directions. In the presence

of a periodic or continuous stimulation, it gives rise to a pattern of concentric circles,

Figure 3.3: Patterns of the two-dimensional wave in the BZ reaction: (a) target patterns
and (b) spiral waves (from [51]).



Chananate Uthaisar Background and Literature Review / 16

known as a target pattern [6, 44|, as shown in Fig. 3.3(a). The spontaneous wave
of the target pattern appears to depend on heterogeneitic in the medium, such as dust
particles or defects on the surface. Spiral-shaped waves can be formed by the disruption
of an expanding wave front, such as an air blast from a pipette onto the surface of the
reaction solution [9, 6, 16], as shown in Fig. 3.3(b). The open ends of the circular wave
are then the starting points of an evolution toward a structure composed of a pair of
counterrotating spiral waves with highly regular geometry [44]. The rotating spiral wave

is currently the subject of extensive experiments in the BZ reaction.

3.2.2 Properties of spiral waves in two dimensions

An interesting type of two-dimensional waves in excitable media is a rotating spiral
wave. The spiral wave rotates around a core that shows unique forms of rotation [11].

These patterns of the rotation of the spiral core can be represented by a tip trajectory.

3.2.2.1 Motions of spiral tip

In the simplest case, the spiral wave rotating rigidly around a fixed circular path en-
closing a central core region, as shown in Fig. 3.4(a), is called a rigid rotation [9]. The
spiral tip moves around a circle with a constant rotation frequency fy and radius rg.
More generally, the dynamics of spiral wave is described by a noncircular trajectory.
Such two-frequency compound motion is referred to as meandering [9, 61]. The path of
the spiral tip traces out a flowerlike pattern. Figure 3.4(b-c) show the spiral tip that
describes a hypocycloid-like orbit with outward petals and an epicycloid-like orbit with
inward petals, respectively [62, 63, 64]. A primary motion corresponds to the orbit of
a spiral tip exhibiting simple rotation with frequency f; and radius r1. The another
rotation is a secondary motion with frequency fo and radius ro. The hypocycloidal
motion with outward petals is illustrated in Fig. 3.4(b), where the primary circle r; orbits
the secondary circle ro in one direction with frequency fo and spins about its centre in

the opposite direction with frequency f;. On the other hand, the epicycloidal motion



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Chemical Physics) / 17

\ff
///—-'\\\
/ I \
f 0
1 1
\ 1
\ /
\ 7

Figure 3.4: Orbits of the spiral tip for: (a) a rigid rotation, and two types of mean-
dering motion with (b) outward petals (hypocycloid-like orbits) and (c) inward petals
(epicycloid-like orbits) [63, 66]. Dashed line represents the motion of the spiral tip. The
rigid rotation occurs with a frequency fy and a circular radius r¢. For meandering mo-
tion, the compound spiral tip is generated by superposing two circular motions (solid
line) having radii m; and ry, and rotation frequencies f; and fo, respectively. Filled
arrows indicate the rotation direction of the spiral tip and the spiral core with f; and
fo, respectively.
rotates in both directions in the same sense and was inward petals (see Fig. 3.4(c)).
Meandering rotations are observed more often than rigid rotation in experiments
with the BZ reaction [24, 26, 65]. Rigid rotations can be observed in the limiting cases
of very high or very low excitability or small refractoriness of a medium [62, 64]. For
a given composition of the BZ reaction, the trajectories of the spiral tip depend on
various parameters, which influence the excitability of the medium [26, 59, 63, 66]. For
instance, the excitability is reduced by increasing the concentration of bromate at which
the transition from rigidly rotating to meandering spiral waves occurs [26]. In the case of
the photosensitive Ru(bpy)?—catalyzed BZ reaction, the transition from a meandering
to a rigidly rotating spiral wave can be induced by increasing the illumination intensity

(see Fig. 3.5). Moreover, the core radius of these rigidly rotating spirals significantly

increases, as the light intensity is further increased [59].
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Figure 3.5: Transition from meandering to rigid rotation by variation of the light inten-
sity in the Ru(bpy)3*-catalyzed BZ reaction from 0.2-1.8 W m~2 (from [59]).

3.2.2.2 Theoretical analysis of rotating spiral waves

The kinematical description of the spiral wave can be used to explain the motion of
curves with free ends. The curves evolve to a steadily rotating spiral wave [10] or a
complicated meandering regime [10, 28]. The first kinematical model for the description
of processes in excitable media was proposed by Wiener and Rosenblueth [67], who found
that a curve rotating around an obstacle forms a spiral. It constitutes an involute of
this obstacle and approaches the Archimedian spiral far from it [67, 68]. In this work,
the rigidly rotating spiral wave is focused on because this motion can be characterized
by the simplest approximations of its form and rotation frequency.

A description of a freely rotating spiral wave in an excitable medium is based on
the assumption that the normal propagation velocity of a curved wave front is a linear
function of its curvature. The curvature of any point on a wave front can be qualitatively
characterized in terms of its radius of curvature—the radius of the circle that best fits

the front in the neighbourhood of the point in question [43]. If the radius of curvature is
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R, the curvature & is defined as 1/R. The curvature is considered positive and negative
for a convex and a concave wave fronts, respectively. Thus a plane wave has k = 0 [43].
The relationship between the velocity of the curved wave front and the curvature s is

given by the eikonal equation [43, 69:

v = v+ Dk, (3.12)

where v is the normal velocity of the wave front, vg is the velocity of the plane wave
and D is the diffusion coefficient of the activator species in the medium. The value of
the propagation rate of a curved front is substantially influenced by its curvature. This

is a consequence of the diffusion of elements of the excitable medium [43].

Kinematical considerations

The kinematic motion of a circulating wave of excitation in a two-dimensional ex-
citable medium was analyzed by Zykov et al. [28, 60]. During the steady circulation of
an excitation wave, the form of the excited region remains unchanged in time and it
performs a uniform rotational movement with a certain angular velocity w about the

centre of rotation [28].

Figure 3.6: Diagram of a stationary rotating spiral wave, where d is the diameter of the
spiral core and w is the rotation frequency of the spiral tip. The circular path shows the
trajectory of the spiral tip. Points ¢ and @ on the contour line of the excitation wave
(shaded area) correspond to the shortest and the tangential radius-vectors, rq, and rg,
respectively (from [59]).
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A Diagram of the rigidly rotating spiral wave is shown in Fig. 3.6. Points ¢ and Q
on the contour line of the excitation wave correspond to the shortest and the tangential
radius vectors, r, and r¢, respectively. Each point of the contour line is involved in a
visible rotatory motion that occurs at the speed u = wr [28], where w is the rotation
frequency and r is the distance from the rotation centre. On the other hand, the real
displacement of the wave front occurs in the normal direction with respect to the contour
line due to the physical nature of travelling excitation waves [28, 59].

Point ¢ does not move in the normal direction. Its location can be determined as
the intersection of contour lines plotted at two close instants [59]. This corresponds
to the definition of the spiral tip used in our experiments (see Section 4.3.5.1). The
circle in Fig. 3.6 is the trajectory of the spiral wave tip determined as the intersection
of contour lines plotted at two close instants separated by time step At = 3.12 s [59].
In the theoretical limit At — 0 the spiral wave tip should coincide with point ¢ [59].

Point @ also plays an important role in the kinematical description of the spiral
wave, because its visible rotation around the centre coincides with the displacement in
the normal direction to the wave front. The trajectory of the point ) can be considered
as the boundary of a circular hole around which the spiral wave circulates. Under the
assumption of constant normal propagation velocity v = vg, it was shown that the shape

of the spiral around such a hole represents the involute of the hole [9, 67].

3.3 Controlling of the spiral wave dynamics

Under the illumination, the Ru(bpy)g+ catalyst of the BZ reaction becomes photochem-
ically excitable. The excitability of the medium can be controlled by the applied light
intensity, which influences the dynamics of the spiral wave. Thus, the light-sensitive
Ru(bpy)?r—catalyzed BZ system allows methods to control the spiral wave dynam-
ics by an external illumination, for instance harmonic modulations of the illumina-

tion [33, 61, 70, 71] and feedback mechanism [34, 35, 36, 38]. The feedback algorithms
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are based on collecting data on the activity level of the system and transforming this

information to a spatially uniform modulation of the excitability of the medium.

3.3.1 Periodic forcing of the spiral wave

Periodic modulation of the external illumination can cause dramatic changes in the
dynamics of a spiral wave. The induced variations of the trajectory, especially the
shift of the spiral wave core, will accumulate over a period of time. Results from
two types of periodic modulation have been reported: There are based on applying
an external illumination with sinusoidal [33, 61, 70] and pulsatory [71] algorithms. In
sinusoidal modulation, the intensity level of an applied illumination is given by ¢(t) =
¢o + Asin(2r/T,,) [33, 61, 70]. A is amplitude and 75, is the modulation period Ty,.
Pulsatory modulation is achieved by the repetitive application of short light pulses with
a selected duration and amplitude. The sequence of the light pulses is adjusted by

varying the periods of the modulation T, [71].

Figure 3.7: Observed bands of entrainment (1/2,1/1,2/1) and resonance along the axis
of normalized modulation period. Representative trajectories of the bands were shown.
Thick segments of the trajectories indicate the application of light pulses. Scale bar:
0.5 mm (from [71]).

An interesting phenomenon under the periodic modulation of the applied light in-

tensity, namely, entrainment occurs originally for a spiral with the meandering rotation
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Figure 3.8: Resonance drift of the rigidly rotating spiral wave under the sinusoidal
modulation computed from Eq. 3.11 with € = 0.05,¢ = 0.02, f = 3.5, ¢9 = 0.01, and
modulation amplitude A = 0.0002 in term ¢(t) = ¢g + Asin(27t/(T),)). Modulation
period: (a) T,, = 6.6 and (b) T}, = 6.7. Scale bar: 10.0 (from [72]).

describing the hypocycloidal trajectory, if the stimulation period is chosen to be close to
To [33]. The unperturbed meandering tip is characterized by two rotation periods: the
oscillation period Tj is measured at its centre of the tip trajectory and another period
Tw is measured at a point far from the centre [33, 71]. An entrainment band of an
applied stimulating period 7,, /Ty was found, each characterized by a rational number
r/s, where r is the number of lobes completed during s periods of external modula-
tions [71]. The most pronounced entrainment bands are shown (labelled 1/2, 1/1 and
2/1) on the axis of the modulation period T, (see Fig. 3.7). Within the entrainment
bands, the trajectory describes hypocycloidal shapes, where the spiral tip is stimulated
with modulation period T,,,. Figure 3.7 shows entrained trajectories, which had been
observed when applying pulsatory modulation of the light intensity [71].

Furthermore, the resonance condition is fulfilled, if the spiral is stimulated with
the wave period Ty, measured far from the centre [72]. In contrast to the case of
the entrainment, no synchronization with the external signal occurs. This is natural
because in this case the modulation period differs sufficiently from the period of one
lobe, and consequently the phase of external pulses varies from lobe to lobe [71]. Under

the pulsatory modulation of an illumination, the regime of a resonance drift



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Chemical Physics) / 23

Far from the rotation centre, the meandering spiral resembles the rigidly rotating
spiral: it has the form of the Archimedian spiral and rotates uniformly at a period
T [72, 61]. Figure 3.8 shows the resonance drifts for the rigidly rotating spiral wave.
Two different values of the frequency of external forcing w,, are applied under sinusoidal
modulation with w,, > w, and w,, < w,, where w, is the frequency of the unperturbed
spiral, as shown in Fig. 3.8(a-b), respectively. In both cases, the tip moves along a
cycloid. The tip move around a circle with radius rg, and then the tip moves along a
motion of the centre of core on a large circle with radius R.. The radius grows as the
frequency of external force wy, approaches the frequency w,. When w,, = w, (perfect
resonance), the core centre moves with the constant velocity along a straight line. The
velocity of the core motion is proportional to the amplitude of external forcing and its

direction depends on the initial phase of the spiral wave [60, 72].

3.3.2 Feedback control mechanism

As previously mentioned in the section on periodic modulation, even small changes in
the system dynamics, e.g., aging of the chemical medium, can change the wave period
Ts. The resonance regime cannot be maintained over long times without frequently
adjusting the modulation period [71]. The feedback mechanism of the applied external
illumination was introduced by adjusting the period of modulation to the measured

wave period [34].

3.3.2.1 Local feedback control

Local feedback control was introduced to control the dynamics of a spiral wave by
applying a light pulse of amplitude A and duration about 10 - 20% at the instant when
the wave front passes a particular measuring point, or after some time delay. This
mechanism had been investigated originally for a spiral with a meandering tip [34].
Under this feedback control two dynamical regimes called entrainment and resonance

attractors have been observed [34]. The entrainment attractor occurs if the measuring
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Figure 3.9: Two attractors observed in the light-sensitive BZ reaction forced by a se-
quence of short light pulses applied at every moment when a wave front passes through
the measuring point (cross): (a) entrainment attractor, the distance between the centre
of the unperturbed trajectory (dashed line) and the measuring point is Ry = 0.49 mm,
and (b) resonance attractor, the initial distance is Ry = 0.57 mm. Scale bar: 0.5 mm
(from [34]).

point is located close to the centre of the unperturbed trajectory as shown in Fig. 3.9(a)
(Ro =~ 1/3 of the spiral wavelength [34, 71]). As the period of the external modu-
lation approaches Tj, and the tip moves on a hypocycloid in perfect synchrony with
the external signal. The regime of the entrainment attractor exhibits the properties
of entrained frequencies as it occurs in similar systems with periodic modulation (see
Section 3.3.1) [33, 72]. The increase in the number of lobes with time delay can be
interpreted as an effect of the phase of the applied stimulus, and corresponds to the
variety of the trajectories induced by different phase relationships within an entrain-
ment band [33]. For larger Ry, the tip is found to describe a resonance attractor as
shown in Fig. 3.9(b). The average period of the triggered external stimuli is close to Too
corresponding to the resonance drift under the periodic modulation (see Section 3.3.1).
There is no strict synchronization as obtained in the case of the entrainment attrac-

tor [71]. Both regimes are stable with respect to a small shift of the measuring point,

which always constitutes the symmetry centre of attractor orbits [34].
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Figure 3.10: Trajectories of the spiral wave tip (thin solid line) computed with the
Oregonator model (Eq. 3.11): (a), (b) with 7 =0, A = 0.004, and D = 0.3 for different
initial distances Ry = 5.5 and 39.0, respectively; and (c¢) with 7 = 0, A = 0.003, and
D = 0.1. Scale bar: 10. The small open circles indicate the initial location of the spiral
wave tip. Thick segments correspond to the application of impulses (from [40]).

More recently, this kind of local feedback control was also applied to rigidly rotating
spiral wave [35, 40, 41] characterized by one rotation period. In this case, only the reso-
nance attractor was observed and most of trajectories of this attractor were epicycloids
with their petals directed inwards as shown in Fig. 3.10(a-b). Epicycloidal resonance
attractors have been observed both in experiments [35] and numerical simulation [40].
However, it was reported in the numerical study [40] that very small resonance attrac-
tors may assume a hypocycloidal shape, i.e., with the outward directed petals as shown
in Fig. 3.10(c). This latter case has not yet been investigated in the laboratory, and we
will show that, in fact, hypocycloidal resonance attractors exist for rigidly rotating spi-
ral waves and that their occurrence depends sensitively on the initial conditions chosen

for the feedback signal. Thus, the latter case will be shown in the present work (see

Section 5.1).

Theoretical analysis of the resonance attractor
A theory for explaining the features of the resonance attractor which starts with a

rigidly rotating spiral was proposed by Karma et al. [40]. The main idea is to describe
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Figure 3.11: A spiral wave rotating around a circular core at the time when the wave
front (thick solid line) passes through the measuring point (thin cross). The application
of the illumination impulse induces a shift of the spiral core centre (filled circle) to the
new position (open circle) resulting in a shifted steady-state circular trajectory of the
spiral tip (dotted curve). The trajectory of the spiral wave during some intermediate
process is shown by a dashed curve (from [35]).

the dynamics of the spiral core in terms of an iterative map that gives the new location
of the core after each applied pulse. The position of the core centre in polar coordinates
(R, ¢) with the origin at the measuring point is shown in Fig. 3.11. The shape of the
spiral front can be given by the function ©(r), where (r,0) is the polar coordinate
system with the origin at the core centre and ©® = 0 corresponds to the location of the
spiral tip.

Application of the pulse induces the displacement of the core centre as shown in
Fig. 3.11. The displacement h of the core centre after application of the ith pulse is
indicated as a short straight solid line. The direction of this displacement is determined
by the angle @ which is measured with respect to the line connecting the core centre
and the position of the spiral wave tip at the instant when the ith pulse is applied. The
distance R is measured between the spiral core and the measuring point. The angle
a describes a rotation around the spiral core. This angle is measured from the line

connecting the core centre and the measuring point to the line from the core centre to

the starting pulse. «;, R;, and ¢; denote the value of these variables evaluated at the



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Chemical Physics) / 27

time ¢; at which the ith external impulse is applied. It is straightforward to derive the

following map describing the motion of the core centre [35, 40]:

a; = WoT — @(RZ), (3.13)
R}, = RZ+h*—2R;hcos(v + ), (3.14)
vit1 = i+ arcsin[(h/Riy1)sin(¢ + oy)]. (3.15)

The system of Egs. (3.13)- (3.15) analyzed under the assumptions h/R; < 1 and | ¢ |
—m/2 < 1 becomes accurate in the limit of a small amplitude and short impulse. In

this case, Egs. (3.14) - (3.15) become

Rit1 = R;+ hsin(y)sin(ay), (3.16)

Yit1 = i — hsin(y) cos(a;)/Riy1. (3.17)

An analysis of the map Egs. (3.13)- (3.14) and Eq. 3.16 shows that a more accurate
analysis is accomplished by using the original map [40]. Indeed, the analysis of this map

yields,
woT = O(R) £ arccos[h/(2Rs) — ¢ + 2mm], (3.18)

when m is a positive integer. Linear stability analysis shows that several stable branches
corresponding to Eq. 3.18 are plotted in Fig. 3.12. In the case 1 > 0, one part of each
curve in Fig. 3.12 with R; > rg is associated with a negative slope. This part corre-
sponds to a stable motion for any odd k. The another part with Ry < r¢g corresponds
to a positive slope and is stable for any even k. All stable (unstable) steady states
of Egs. (3.13) and (3.16) are shown as solid (dotted) lines in Fig. 3.12. For ¢ < 0,
the opposite situation is true and all dotted (solid) lines in Fig. 3.12 correspond to
stable (unstable) attractors. It is important to emphasize that the dotted (solid) line
corresponding to a given unstable steady-state k for ¢» > 0 (¢» < 0) plays the role of
a separatrix between the basins of attraction of the stable attractors £ — 1 and k£ + 1.

The set of these separatrices determines that the attractor is selected from an arbitrary
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initial condition. It can be noted that the thin horizontal line in Fig. 3.12 corresponds
to Ry = rq. If the distance between the spiral core centre and the measuring point is
smaller than r,, the wave front never traverses the measuring point and no light impulse
is generated. Thus, in this case, the attractor is simply the unperturbed rigid rotation

of the spiral wave around a circular core [35, 40].
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Figure 3.12: (a) Structure of the resonance attractor for ¢ > 0. The radius R, of
the stable attractors (solid curves) and the unstable separatrixes (dotted curves) are
plotted as a function of the time delay 7. The dashed curves correspond to the improved
prediction of Eq. (3.18) and the thin solid line indicates the smallest possible size of the
resonance attractor. (b) Magnification of (a) near the origin by the use of a different
scale (from [40]).

3.3.2.2 Non-local feedback control

In non-local feedback control, the feedback signal is proportional to the integral of the
wave activity over a region known as the sensory domain. To introduce a non-local

coupling, the illumination intensity of the feedback control is expressed as [36]

I(t)zfo—i-kfb[B(t—T)—BQ], (319)
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where I is a background intensity, kg, is a feedback gain, 7 is the time delay and

B@:%Aww. (3.20)

where B(t) is the average of the absorption w over the sensory domain and A is the
area of the sensory domain. The constant By is the time-averaged value of B(t) for the
case of a stationary rotation [38].

The evolution of the rigidly rotating spiral wave within a circular domain under non-
local feedback was studied experimentally by Kheowan et al. [36, 73]. An example of
these investigations is shown in Fig. 3.13, where the domain diameter is fixed at d = A.
The spiral wave core is initially placed at the centre of domain as shown in Fig. 3.13(a).
The rotation follows a drift of the core first towards the boundary of the integration
area, and finally along a circular pathway with a radius of 0.65\. If the spiral wave core
was placed outside the integration domain, as shown in Fig. 3.13(b), the spiral wave
tip after some transient process approaches the same asymptotic circular pathway as
in the previous case. Both experiments suggest that this asymptotic trajectory can be

considered as an attractor for this dynamical system under such a feedback [36].
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Figure 3.13: (a) and (b) Trajectories of the spiral wave tip under positive feedback
(kgp = 0.5,7 = 0) observed for different initial locations of the spiral wave core (arrows):
(a) at the centre and (b) outside of integration area (circle). Scale bar: 1 mm (from [36]).
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The spiral wave dynamics under a feedback signal computed by integrating the wave
activity over a circular domain exhibits very interesting properties. These include the
simultaneous characteristics of global and local feedback control. Indeed, the stabiliza-
tion and the destabilization of a rigidly rotating spiral was observed under a global
feedback, whereas the resonance attractor was a specific property of the local feedback
control [36]. On the other hand, the existence of an attractor outside the integration
domain is, of course, not possible under global feedback. The role of feedback parame-
ters such as the sign of the gain, the time delay and the various sizes of the domain has
been investigated further [73, 36].

The size of the excitable domain is an essential control parameter affecting the
stability of the rigidly rotating spiral or the radius of the resonance attractor [36, 73].
The shape of the sensory domain can also have a great impact on the dynamics of
spiral waves under the non-local feedback control. In the present work, a square-shaped
sensory domain will be applied to study experimentally the rigidly rotating spiral wave

under non-local feedback control.



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Chemical Physics) / 31

CHAPTER 4

MATERIALS AND METHOD

An investigation of spiral wave dynamics in the laboratory has been studied by using the
light-sensitive Ru(bpy)gtca‘calyzed BZ reaction. This system allows effective control
of the excitability and therefore the control of the dynamics of spiral waves in the
system by an external illumination [32, 34, 36]. One of the important properties of
the spiral wave is the motion of spiral tip. In this work, the dynamical properties of
spiral waves including the spiral tip trajectory were monitored by using the method of

two-dimensional photometry used in previous studies [33, 34, 59, 74].

4.1 Chemicals

All chemicals used in this work were reagent-grade chemicals obtained from various
sources as shown in Table 4.1. All solutions were prepared by using deionized-distilled
water (Barnstead, Nano pure, Ultra pure water system), and filtered through 20-25 pm

Whatman filters and stored in separate containers.

Table 4.1: List of chemicals and suppliers.

Chemicals Formula %Purify  Suppliers
tris(2, 2’-bipyridyl)

ruthenium(II) chloride ~ Ru(bpy)sCl2-6H20 98.0 Acros organics
hexahydrate

Sodium Silicate NaySiO3 - Riedel-de haén
Sodium Bromate NaBrOs 99.0 Fluka

Sodium Bromide NaBr 99.0 Fluka

Malonic Acid CH3(COOH), 98.0 Fluka

Sulphuric Acid H5SO4 96.6 J.T.Baker
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4.1.1 The Ru(bpy)3;SO, salt and sodium waterglass

The light-sensitive Ru(bpy)?r is used as a catalyst. It is not commercially available,
thus the Ru(bpy)3SOy4 salt is prepared by precipitation from Ru(bpy)sCly-6H20 in
H9SOy4 [75]. 2.5 g of Ru(bpy)sCle-6H20 powder was dissolved in 40 ml of water and
5 M H3SO4 added to 100 ml. After HoSO4 was added, the suspension particles softly
coagulated into an orange-red precipitate of Ru(bpy)sSO4. After 3 hours it was filtered
off and dried at 50°C for 2 days. Subsequently, the solid Ru(bpy)3SO4 was dissolved
in 100 ml of 0.025 M H2SO4. The concentration of Ru(bpy)s3SO4 was determined by
measuring the absorption at A = 460 nm (egyqr = 13400 M~tem™!) [76] using a
UV/VIS spectrophotometor (PerkinElmer, Lambda800, U.S.A).

15% Sodium silicate, commonly known as sodium waterglass was prepared by dis-
solving 15 g of sodium silicate powder in 100 ml water. The suspension was heated and stirred
until sodium silicate completely dissolved. After cooling to room temperature the vol-
ume of water evaporated off during heating was added and then the sodium waterglass

solution was filtered.

4.1.2 BZ stock solutions

The stock solutions used for the BZ reaction are listed in Table 4.2. The analyti-
cal balance is capable of measuring weights to +0.01 mg (TC-254, Denver Instrument

Company).

Table 4.2: List of the stock solutions.

Stock solutions Dissolve
1 M NaBrOj 15.089 g in 100 ml HoO
1 M NaBr 10.290 g in 100 ml H,O

4 M CH2(COOH), 41.624 g in 100 ml H2O
5 M HsSO4 27.590 ml in 100 ml HoO




Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Chemical Physics) / 33

4.2 Preparation of the BZ reaction

The following sections include procedures for the preparation of the BZ reaction, which
is used to observe the dynamics of spiral waves. To eliminate hydrodynamic convection
in the system, a gel medium is used instead of aqueous solution. The Ru(bpy)3SOy4

catalyst is immobilized in the gel.

4.2.1 Preparation of gels with the Ru(bpy)3;SO, catalyst

A silica-gel matrix was prepared from sodium silicate, commonly known as sodium
waterglass. The concentration of Ru(bpy)3SOy catalyst was fixed at 4.2 mM in the gel.
The proportional volume of Ru(bpy)3SO4, HoSO4 and H2O to sodium waterglass is 2:1.
The time of gelation is controlled by the concentration of HoSO,4. Decreasing the HySO4
concentration causes an increase in gelation time. For example, the volume of chemical

used in this work was prepared from:

0.214 ml  0.0194 M Ru(bpy)3SO4,

0.032 ml 5 M HySO0y,
0.084 ml H>O,
0.670 ml 15% sodium waterglass.

At first Ru(bpy)3SOy4 solution, HaSO4, and water were mixed. This solution was
slowly added drop by drop with continuous stirring into 0.67 ml of 15% sodium water-
glass solution, and then 0.71 ml of the mixture was poured on a flat glass petri dish.
After gelation the gel was neutralized by covering it with 2.13 ml of 0.1 M HSO4 for
30 minutes. Subsequently, the HoSO4 solution was poured out, and then the gel layer
was washed several times with water. The gel was covered with water for a few minutes
before starting an experiment, in order to prevent desiccation. The gels were kept at
an ambient temperature of 25+1°C.

The thickness of the gel was controlled by the method detailed in Appendix A. The

thickness of the gel layer was 0.3040.02 mm, which was measured by using a micrometer
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(Mitutoyo, series129, Japan). This thickness was chosen in order to make any 3D effects

negligible.

4.2.2 Initiation of the BZ reaction

The BZ stock solutions were used to prepare two different BZ solutions as described in
Table 4.3. The concentration of BZ-solution II is only half of BZ-solution I. BZ-solution
IT was added after pouring BZ-solution I onto the gel. This solution has a reaction time

of more than 3 hours [34, 72].

Table 4.3: List of BZ solutions.

2.5 ml of BZ-solution I 10 ml of BZ-solution II
1.00 ml 1 M NaBrOg 2.00 ml 1 M NaBrOg
0.21 ml 4 M CH2(COOH), 0.42 ml 4 M CH2(COOH)q
0.45 ml H,O 5.90 ml H>0O
0.39 ml 5 M H2SOq4 0.78 ml 5 M H2SOy4
0.45 ml 1 M NaBr 0.90 ml 1 M NaBr

It should be noted that the NaBr was added to the both solutions last of all. During
addition of NaBr, the solution must be placed in a fume hood because of the formation
of bromine gas. The colour of the solution changes to yellow because in acid solution

bromate is oxidized by bromide:
5Br~ + BrO3 + 6H'" — 3Bry + 3H20

The bromination of malonic acid occurs via Bry (see Eq. (A4)): After a few minutes
the colour of the solution changes back to colourless.

To start the reaction 0.71 ml of the BZ-solution I was put on top of the gel layer,
in which the Ru(bpy)3SOy4 catalyst has been immobilized. After a few minutes the BZ-
solution I diffused into the gel, and the concentration of all chemicals in this solution

was one half of their initial concentrations, the same concentration as BZ-solution II.
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10 ml of the BZ-solution IT was then added onto the gel layer in order to increase the
volume of the system. In this way the life-time of the excitable system is increased and
the aging process is slowed down. After several minutes an equilibrium between the
solution and gel was established, with the following initial concentrations (disregarding

the bromination of malonic acid):

Ru(bpy)3* 4.20 mM,
NaBrOj3 0.20 M,
CH2(COOH), 0.17 M,
H2SO4 0.39 M,

NaBr 0.09 M.

Subsequently, spontaneous waves can occur because of small inhomogeneities in the
system, and propagate through the gel layer. Such an inhomogeneity was created by
carefully pouring the solutions onto the gel at the edge of the petri dish. This generated
a single wave front and this wave was broken up to create a pair of spirals, so that one
spiral was selected to generate in the petri dish (see Section 4.3.3). The silica hydrogel
with the immobilized Ru(bpy)g+ catalyst covered by the BZ solution as kept at an

ambient temperature of 25 £+ 1°C.

4.3 Experimental method

The dynamics of spiral wave in the petri dish can be analyzed with a sufficiently high
spatial and temporal resolution by using the method of two-dimensional (2D) spec-
trophotometry [33, 34, 59, 74]. The experimental apparatus is shown schematically in

Fig. 4.1.

4.3.1 TIllumination manipulation

A video projector (Sony, VPL-CX10, Japan) with an ultra-high performance (UHP)

lamp (120 W) was used to illuminate the BZ reaction in a petri dish. The illumination
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Figure 4.1: Schematic diagram of experimental apparatus.

light was filtered with a heat absorbing filter to eliminate heating from the light source.
After that, the intensity of illumination was adjusted by using a pair of polarizers. In
addition, to improve the homogeneity of the illumination, the light beam was made
parallel by using a plano-convex lens with focal length f = 200 mm (PCX lens, 75 mm
diameter). This convex lens was placed in front of a mirror at a distance about 100 mm.
All the reaction medium was illuminated from below by using the video projector, the
intensity of which was controlled by a computer. The light intensity was measured
by using a powermeter (Newport, 1815-C, USA) with a detector (Newport, UV-818)
placed at the centre of the petri dish. The illumination intensity was subdivided into
256 values between the minimum and maximum of possible light intensity (grey level 0
= dark, grey level 255 = bright). These values were entered into a C-program in order

to control the video projector and to create a desired light intensity.

4.3.2 Data acquisition

The oxidation waves appearing in this gel were monitored by using a charge-coupled-

device (CCD) camera (Hamamatsu, H 3077-71, Japan) with a 55 mm objective (Com-
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putar product, TEC-M55). The oxidized waves appeared as blue-green waves with an
orange background of the reduced catalyst. However, the contrast was rather poor. In
order to enhance this contrast an interference filter at a wavelength of 485.8 nm (A\ =
10.2 nm) was placed in front of the camera. This wavelength is close to the maximum
difference between the extinction coefficients of the reduced and oxidized catalyst. A
sequence of spiral wave images were acquired every 0.08 s with the CCD camera for im-
mediate processing (see Section 4.3.4). These images covered an area of 7.17x7.17 mm?
(256256 pixels) of the reactive layer. The image data was stored every 1 s by the
computer via the frame grabber (Data Translations, DT3155). This time interval was
sufficiently small for the data evaluation software to detect the spiral tip trajectory as

described in Section 4.3.5.1.

4.3.3 Creation of the spiral wave

A few minutes after the experiment had been started, the oxidation waves spontaneously
began to emerge at the edge of the petri dish. A cold light source of high illumination
intensity (Hayashi brand, LA-150TX) with a light spot (diameter, 1 cm) was used to
break a propagating wave front in the middle of the petri dish. After that, the open
ends of the wave began to form a pair of spirals. One of the spirals was suppressed with
the light spot to leave a single spiral in the centre of the dish. This was done by slowly
moving the light spot along the wave front towards the boundary of the dish. Then the
single spiral remaining in the middle of the dish was selected as an initial condition for
all of the experiments. The petri dish can be placed at a desired location by using a

micromanipulator, which is used to adjust the position in three dimensions.

4.3.4 Feedback-controlled mechanism

The control methods are based on collecting data on the activity level of the system
and transforming this information to a spatially uniform modulation of the excitability

of the medium. The activity level of this medium can be measured at one point (local
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feedback) [34, 35] as described in Section 4.3.4.1, or within a given domain (non-local

feedback) [36] as explained in Section 4.3.4.2.

4.3.4.1 Local feedback control

Under the local feedback algorithm, the spiral wave is disturbed by a sequence of short
light pulses. Each stimulus was applied at an instant corresponding to the passage of
the wave front through a particular measuring point, or after some time delay (7). The
light pulse was characterized by the following parameters. The background intensity,

2. The pulse duration was also fixed

Iy, was fixed for all experiments at 0.06 mW /cm
at 5 s, which was about 12.7% of the wave period. During the pulse the total light
intensity, I, was either increased (positive pulse, I > Ij) or decreased (negative pulse,
I < Iy) with respect to the background intensity. The time required for the video
projector to change the light intensity was less than 0.08 s, which was determined from
the shortest detectable time of the CCD camera. The amplitude, A, was in the range
-0.05 to 0.09 mW /cm?. Examples of typical pulses are shown in Fig. 4.2.

To realize the desired feedback mechanism the intensity of the transmitted light

of the oxidized catalyst at the particular measuring point was determined on-line for

immediate processing by the computer. The threshold value for the detection of the

(a) (b)
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Figure 4.2: Typical pulse forms with background intensity Iy = 0.06 mW/cm?: (a)
Positive pulse with amplitude, A = 0.05 mW/cm? and (b) negative pulse with A =
—0.05 mW/cm?. Pulse duration: 5 s.
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wave front is defined as 0.6X(Inmaz — Imin) + Lmin, where the maximum (I,q,) and
minimum (I,,,;,) of the grey levels are obtained from a horizontal stripe (512x5 pixels).
This band crossed the centre of the medium horizontally. The grey level at the measuring
point was determined by averaging the grey level from 3x3 pixels around the measuring
point. While the wave front is passing through the measuring point, the grey level
reaches the threshold value. Thus the light pulses are created directly at that moment.
After that, the grey level will reach this threshold value again when the wave back passes
through the measuring point. In order to prevent a second light pulse in the wave back,
a reset value is applied to avoid a double detection of the same wave. The reset value
is defined as 0.4X (Iyyax — Lmin) + Imin- The next pulse can be applied only if the grey

level at the measuring point first falls below the reset value.

4.3.4.2 Non-local feedback control

The non-local feedback control can be investigated by choosing the feedback signal to
be proportional to the average wave activity taken over a sensory domain that covers
only a part of the reaction layer. The dynamics of spiral wave under such non-local
feedback control have been observed with various shape of sensory domain, such as
circular [36, 77, 78] and elliptical [78]. In this work, the effect of geometry on the
spiral wave dynamics is studied further by using a square-shaped sensory domain. The
illumination intensity of the feedback control is expressed as in Eq. 3.19 (Section 3.3.2.2).

B(t) was calculated by using

B(t) = ia,-(t), i=1,2,..n, (4.1)
=1

where 0 < G; < 255 is the grey level of a given pixel, and n is the total number of pixels
in the domain. Note that a higher grey level corresponds to a larger concentration of
the oxidized form of the catalyst. The intensity of the feedback illumination I(t) is
controlled by a feedback gain kg, and the value of B(t). The constant By is measured

as the average grey level for one period of rotation of the spiral wave placed as close
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as possible to the centre of the square domain. This value By was determined at the
beginning of each experiment. A background intensity of Iy = 0.07 mW /cm? was used
for all experiments.

Note that the effect of aging leads to slight changes in the integrated transmitted
light intensity, as well as changes in certain spiral parameters such as wavelength and
period. Therefore, the amplitude of the modulation decreases due to the aging effect.
It was compensated for by adjusting the feedback gain. The gain kj, was slightly in-
creased with time (0.004 every 1 min) to keep the averaged amplitude of the modulation

approximately constant for 2 hours of experimental time.

4.3.5 Data evaluations

The images obtained from the experiments are further processed in order to improve the
quality of the pictures and to determine the location of the spiral tip. For this purpose,
a program written in IDL (Interactive Data Language), a computer language for inter-
active analysis and visualization of scientific data, was used for the image processing

and the data evaluation as developed in previous studies [33, 34, 35].

4.3.5.1 Image processing

S

Figure 4.3: Normalization and background subtraction: a) original picture, b) normal-
ized picture, c¢) background, d) picture after background subtraction, and e) repeated
normalization.

The images were stored as two-dimensional arrays (byte-format), where the light
intensity was divided into 256 different grey scale levels for each pixel of image. An

original image is presented in Fig. 4.3(a). Because of the different illumination intensities
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of the images, the brightness distribution of the each image is not always the same.
Therefore, the quality of the picture is enhanced by applying the image processing
procedures that attempt to improve the contrast in the image. As a first step of the
processing, the original image was normalized by scaling the grey levels in the range
from 0 to 255 (0 for black and 255 for white). The maximum (I,,4;) and minimum
(Lmin) of the grey levels of the original picture are determined. The grey levels of each

pixel (I;;) are scaled as follows [75]:

/ 255

I, = (I’L _Imin)

ij ) (4.2)

Inaz — Imin
where ¢ and j are the coordinates of the pixel. The normalized image shows that the
contrast of the original image is emphasized as illustrated in Fig. 4.3(b). However, the
image quality is not good enough for automatic evaluation because of the inhomogene-
ity of the image background due to impurities in the gel, such as dust particles, gas
bubbles, and/or scratches on the petri dish. For automatic evaluation of the spiral tip
position the background should be homogeneous, so that the contour line of the oxida-
tion waves will not be deformed. With the histogram method the background of each
image was determined as shown in Fig. 4.3(c). Then the next step is to subtract the
background from the normalized images as presented in Fig. 4.3(d). Finally, this image
was normalized again as shown in Fig. 4.3(e). Subsequently, the images were ready to

be used for evaluation of the spiral tip location [34, 35, 75].

4.3.5.2 Detection of the spiral wave tip trajectory

The spiral tip trajectory is investigated to determine the core structure of the spiral
wave and to characterize the dynamics of the spiral wave. The location of the spiral
tip was detected automatically by means of an image processing program as used in
previous work [34, 35, 75]. This program allows the determination of the tip trajectory
objectively for a long period of experimental time and the quantitative analysis of a

vast number of the experiments. The method was based on the overlay of appropriate
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Figure 4.4: Overlay of two contour lines of a spiral wave extracted from two consecutive
frames of images (time interval 3 s). The tip was defined as the intersection of the two
contour lines. The first and the second consecutive contour lines are shown by solid and
dashed curves, respectively.

contour line of the spiral wave extracted from two consecutive frames of the images.
The time interval between the two images is 3 s. The intersection point of the two
contour lines is defined as the actual tip location as shown in Fig. 4.4. It corresponds
to the point where the concentration of the oxidized catalyst has not changed between
the two frames of observation and is therefore considered as the momentary centre of
rotation.

In order to improve the quality of the pictures, the single frame is smoothed by
averaging over 10 pixels before starting the determination of the contour lines. The
threshold value of pixel grey level for determination of contour lines is defined as fol-
lows: 0.6 X (Imaz — Imin) + LImin. The second contour line (dashed curved in Fig. 4.4) is
determined with this threshold value. The intensity difference of images along with the
two contour lines is calculated by the computer program. The position of the spiral tip
is the pixel coordinate at the same grey level in which the intensity difference is zero.

In addition, the spiral tip z, y-coordinates are saved as an ASCII file. The trajectory of
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the tip was obtained as the temporal sequence of these tip locations.
The investigation of the spiral wave dynamics in the light-sensitive Ru(bpy)§+—

catalyzed BZ reaction is summarized in the following procedure:

Prepare the silica gel with the immobilized Ru(bpy),SO, catalyst
and the BZ solution.

y

Pour the BZ solution on top of the gel layer, so that a spontaneous
wavefront occurs in the gel layer.

v

Create a spiral pair and select only one spiral as an initial condition
for all of the experiments.

y

Select a desired light intensity and illuminate the gel layer
from below with a video projector.

y

Detect the spiral wave appearing in the gel layer by using a CCD camera
and store its image with the computer program via the frame grabber.

y

Control the dynamics of the spiral wave with local or non-local
feedback mechanisms.

v

Characterize the trajectory of the spiral tip with an image processing
technique and further data evaluation.

Figure 4.5: Schematic diagram of the experimental procedure.
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CHAPTER 5

RESULTS AND DISCUSSION

In this chapter, the dynamics of rigidly rotating spiral wave in the light-sensitive
Ru(bpy)?—catalyzed BZ reaction under the feedback mechanism is investigated . The
presentation is divided into two parts. The first part is concerned with the experimen-
tal finding, which is obtained from the investigation of the rigidly rotating spiral wave
dynamics under local feedback control. The dynamical features under the application
of time delays are also presented. The experimental results are discussed and compared
with an earlier developed theory [40]. The second part is devoted to the observations
of non-local feedback control within the square-shaped sensory domain of the reaction
layer. These observations are carried out for various sizes of the square-shaped sensory
domain. A broad spectrum of the dynamical responses which results in various shapes
of the spiral tip trajectories is reported.

5.1 Dynamical properties of rigidly rotating spiral wave under local
feedback control

For a given background light intensity Iy = 0.06140.001 mW /cm?, the spiral tip rotates
rigidly around a closed circle with a diameter of 0.36 + 0.03 mm. The unperturbed
rotation period is T, =~ 37—41 s, which was determined as the average time during which
two consecutive wave fronts reached a predefined detection point. The spiral wavelength
is A =1.92 £ 0.10 mm, which was measured as the average length of the normal vector
connecting two consecutive wave fronts. An example of the rigidly rotating spiral wave

under the background illumination is shown in Fig. 5.1.
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k

Figure 5.1: Tip trajectory of a spiral wave. Circular orbits of the spiral tip are observed
at a constant light intensity Iy = 0.061 mW/cm?. A momentary location of the spiral
wave is shown (shaded curve). The tip trajectory is described by a white solid line. Ry
(dotted line) is the initial distance between the core centre of the unperturbed spiral
and the measuring point (cross).

5.1.1 Hypo- and epicycloidal resonance attractors

When the wave front passes through the measuring point in the reaction layer, the
sequence of the short light pulses is triggered. The experimental results show that the
trajectory is hypocycloidal as shown in Fig. 5.2(a-b). Thus hypocycloidal resonance
attractor is found to occur when the measuring point is located very close to the core
centre of the unperturbed spiral (see Fig. 5.2(a)), i.e., Ry < 0.15\. In this example, the
spiral wave tip asymptotically approaches a five-lobed hypocycloidal trajectory with its
centre of symmetry coinciding with the measuring point (see Fig. 5.2(b)). The ratio
of the rotation period at the measuring point to the unperturbed period, T},p/Ty, is
0.867 £ 0.035, and the ratio of the attractor radius to the spiral wavelength, Rs/\, is
0.117 £ 0.003 (see Fig. 5.3(a-b), respectively). Both ratios are plotted as a function
of time, where triangles represent the data points of the hypocycloidal attractor. The
average values of T),,,/T,, and Rs/\ are calculated from the data obtained 10 min after
starting the experiment. After a transient process, the hypocycloidal attractor remains
approximately a stable trajectory that the shape is not changed. The light pulses

(indicated by thick segments) appear in the inner part of the loopy trajectory, and
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(a) (b)

Figure 5.2: Hypocycloidal (a-b) and epicycloidal (c) resonance attractors of the rigidly
rotating spiral. Initial distance between measuring point and unperturbed core centre,
Ro: (a-b) 0.093)\ and (c) 0.155\. Iy = 0.061 mW/cm?; A = 0.050 mW/cm?. (a)
Transient state of trajectory in (b), which is the stationary attractor several spiral
rotations after starting the feedback. Thick segments indicate application of light pulses.
The location of the measuring point is shown by a cross. The dotted line depicts the
unperturbed spiral tip trajectory. Open and filled arrows indicate the rotation direction
of the spiral tip and the spiral core, respectively. The radius of an attractor Ry is defined
as the averaged value of the radius of the inner and outer part of the loopy trajectory.
Scale bar: 1 mm.

the drift direction of the spiral core is opposite to that of the tip rotation (arrows in
Fig. 5.2(a)).

For Ry > 0.15), the light pulses induces a drift of the spiral core away from the
measuring point and finally along circular orbits centred at this point. The spiral tip de-
scribes an epicycloidal orbit with inward directed petals, where T}, /T, = 1.098 £ 0.050
and Rs/A = 0.805 £+ 0.032 (circles in Fig. 5.3(a-b), respectively). The attractor ra-
dius of the epicycloidal attractors is larger than the hypocycloidal one by a further of
6.88 + 0.18. The light pulses occur when the tip moves along the outer part of the loopy
trajectory (Fig. 5.2(c)). The sense of rotation is the same as for the spiral tip around
the spiral core as indicated by the arrows in Fig. 5.2(c). In Table 5.1, some charac-
teristic properties of both types of the hypo- and epicycloidal resonance attractors are

compared with each other.
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Figure 5.3: The temporal evolution of the ratio of (a) the rotation period at the mea-
suring point to the unperturbed period, T},,/Ty, and (b) the attractor radius to the
spiral wavelength, Rs/A. Circles and triangles correspond to the epi- and hypocycloidal
trajectories, which are shown in Fig. 5.2(a-c), respectively. Dashed line represents the
starting of feedback control at time = 6 min.
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Table 5.1: Characteristic properties of the hypo- and epicycloidal resonance attractors.

Hypocycloidal Epicycloidal
Characteristic Property ypocy piey

Attractor Attractor
1. rotation direction of tip and core opposite coincide
2. rotation period, Ty, <Ty > Ty,
3. attractor size small large
inner part outer part

4. pulse interval location
P of the trajectory of the trajectory

Tip trajectories corresponding to near-resonance conditions of both attractors re-
mind one of the resonance drift induced by periodic external forcing of a rigidly rotating
spiral wave [60]. If T),, and T, are exactly equal, perfect resonance is expected, with
the core centre moving along a straight line. But the period of modulation induced by
the local feedback mechanism is just near-resonance, i.e., either T, > T, or T,,, < T},
and so the trajectory is either epi- or hypocycloidal.

Interestingly, most of the properties of the hypocycloidal resonance attractor shown
in Table 5.1, which refer to the rigidly rotating spiral wave, are very similar to those
of the entrainment attractor for meandering spirals [34, 71], although the dynamics of
the rigidly rotating and meandering spirals differ significantly by the fact that their
movement is composed of either one (spatially uniform) or two (not spatially uniform)
rotation frequencies.

To be noticed is the difference in the modulation period. For rigid rotation it is
equivalent to the rotation period at the measuring point 7;,,, where T,,, < T, for the
hypocycloidal resonance attractor. On the other hand, for the entrainment attractor
of meandering spirals, it is equal or very close to the period Tj at the centre of the

unperturbed hypocycloidal trajectory.



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Chemical Physics) / 49

5.1.2 Hypocycloidal resonance attractor with an application of time
delays

Intriguing properties of the hypocycloidal attractors and the epicycloidal attractors are
demonstrated by introducing time delays 7 into the feedback loop for two cases: (i)

7 < T, and (ii) the prolonged time delay 7 > T,.

5.1.2.1 Effect of time delays 7 < T,

In this section, the dynamics of the hypo- and epicycloidal resonance attractors is ob-
served, when 7 < T,. Examples for positive (A = 0.043 £ 0.005 mW/cm?) and
negative pulse feedback (A = —0.031 & 0.003 mW /cm?) are shown in Fig. 5.4. Starting
with 7 = 0 in Fig. 5.4(a), the radius of the hypocycloidal resonance attractor increases
with 7. This growth is accompanied by an increase in the number of lobes in the trajec-
tory, i.e., 5, 6, and 7 lobes for /T, = 0, 0.026, 0.053, respectively. If the delay reaches
a certain value (7/T, = 0.067), a transition from the hypocycloidal to the epicycloidal
regime takes place. In the range 0.067 < 7/7,, < 0.679 only this regime is observed,
although a very small Ry is chosen. Note that the radius of the epicycloidal attractor
decreases with 7 in agreement with previous findings [35, 40]. At 7/7,, = 0.679, how-
ever, this radius becomes so small, that the measuring point is finally located inside
the spiral core and no light pulse is triggered any more. Then a further increase of 7
brings the dynamics of the system back to the hypocycloidal regime, where the size of
the attractor orbits increases with 7 (0.775 < 7/T,, < 0.989). Hypocycloidal attractor
becomes again unstable at 7/T,, = 1.038, and consequently the dynamics switches, once
more, to the epicycloidal regime.

Examples of the hypocycloidal resonance attractors observed for negative pulse feed-
back are shown in Fig. 5.4(b) in the range 0.300 < 7/T, < 0.560. Here, the pulses
(indicated by thick segments) occur in the outer part of the loopy hypocycloidal tra-
jectory in contrast with the finding for the positive pulse feedback (see Figs. 5.2(a-b)

and 5.4(a)), where the pulses appear in the inner part. However, the time delay plays a
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Figure 5.4: Trajectories of the spiral tip under variation of the time delay 7. (a) Pos-
itive pulses with amplitude A = 0.043 mW/cm? and (b) negative pulses with A =
—0.031 mW/cm?, where Iy = 0.61 mW/cm?. The measuring point (cross) is initially
placed close to the unperturbed spiral core (Ry < 0.15)), except for the two orbits in
(b) at Tynp/Ty = 0.805 and 1. Thick segments correspond to the application of light
pulses. Scale bar: 1 mm.
similar role here, i.e., the radius of the hypocycloidal attractor increases with increasing
7. In the range 0 < 7/T, < 0.219, only the epicycloidal regime is observed, where its
radius decreases with increasing 7. Until /T, = 0.258, the radius of the orbits becomes
so small and the transition from the epicycloidal to hypocycloidal regime occurs. This
feature is similar to the trajectories observed under positive pulse feedback, as previ-
ously mentioned. Then the dynamics of the system is return to the epicycloidal regime
once again at 7/7,, = 0.598 (see Fig. 5.4(b)).

Figure 5.5 shows the relation between the rotation period at the measuring point
Tnp and time delay 7, which are scaled by T, for the hypo- and epicycloidal resonance
attractors. The ratio T5,,/T, for the hypocycloidal attractors increases with increasing

7. On the other hand, the ratio T},,/T, for the epicycloidal attractors is approximately

constant for all 7. The ratio Ty,,/T,, although under application of time delays, are
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Figure 5.5: The ratio Tp,,/T;, as a function of time delay 7 for: (a) hypocycloidal
resonance attractor with positive (4 = 0.041 mW /cm?) (triangles) and negative pulses
(A = —0.031 mW /cm?) (squares), and (b) epicycloidal resonance attractor with positive
(A =0.051 mW/cm?) (circles) and negative pulses (A = —0.030 mW /cm?) (diamonds).
Filled symbols (triangles, squares, diamonds and circles) correspond to the trajectories
shown in Fig. 5.4.

less than 1 and greater than 1 for hypo- and epicycloidal attractors, respectively (in

agreement with the results reported in Section 5.1.1).
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5.1.2.2 Effect of prolonged time delays

The experimental results are carried out with prolonged time delay and under the vari-
ous intensities of the light pulses. The experimental results show that strong deviations

of the hypocycloidal attractor from circular orbits are observed.

/T,

Figure 5.6: Trajectories of the spiral wave tip under application of large time delays
7, where Iy = 0.062 £ 0.001 mW/cm2, A =0.091 + 0.001 mW/ch. Thick segments
correspond to the application of light pulses. The location of the measuring point is
shown by a cross. Scale bar: 1 mm.

Further instabilities of the hypocycloidal attractors for positive pulses with A =
0.091 4 0.001 mW /cm? are observed when a prolonged time delay (7/7;, > 1) is in-
troduced as shown in Fig. 5.6. A clear deviation from a circular symmetric attractor
appears for 7/T, ~ 2 (extended hypocycloid). With increasing 7/7,, ~ 2.85 deviations
become more pronounced. Apparently, the trajectories share a similar feature: they
consist of a ‘head’ (circular, outward loops) and a ‘tail’ (extended, inward loops). The
length of the tail increases with 7. In the range of 7/T,, about 0 to 2.85, the measuring
point is still located at the centre of the attractors and/or the circular orbits. For a
larger time delay 7/T, =~ 4.06, the measuring point is located close to a part of the
circular orbits.

Additional experiments of the hypocycloidal attractors with prolonged time de-
lays are observed under negative pulse feedback with A = —0.030 £ 0.003 and A =
—0.049 £ 0.002 mW /cm? as shown in Fig 5.7(a-b), respectively. In Fig. 5.7(a), the

hypocycloidal attractor describes a circular symmetric attractor in the range of 7/T,
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/T,

Figure 5.7: Effect of pulse intensity on the trajectories of the spiral wave tip observed
for large time delays 7 with negative pulses (a) A = —0.030 + 0.003 mW /cm? and (b)
A = —0.049 + 0.002 mW /cm?, where Iy = 0.062 + 0.001 mW /cm?. Thick segments
indicate application of light pulses. The location of the measuring point is shown by a
cross. Scale bar: 1 mm.

around 0.4 to 2.38. Until 7/T, ~ 3.35, the extended hypocycloid appears. When the
time delay is increased to 7/T, ~ 4.45, the trajectory is strongly deformed. These
trajectories are quite similar to those observed for positive pulses (Fig. 5.6). For larger
pulse amplitude in Fig. 5.7(b), the circular trajectory appears for 7/T;, around 0.39 to
2.39 and the extended hypocycloid appears for 7/T, ~ 3.37. With further increasing
7/T,, ~ 4.38, the deviations become more pronounced. The trajectories describe a de-
formed hypocycloidal shape with a three-bulge shape. Note that the measuring point is
still located close to the centre of the attractors although these trajectories are strongly

distorted.

5.1.3 Comparison of theoretical predictions and discussion

In order to explain the features of the hypo- and epicycloidal resonance attractors the
dynamics of the spiral wave core in terms of an iterative map that yields the new location

of the core after each applied pulse is considered (see Section 3.3.2.1 [40]). Then this
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Figure 5.8: Shift of the spiral wave core due to one light pulse (grey thick line) in the
pulse sequence (time delay 7 = 0 and amplitude A = 0.05 mW /cm?. The thin loopy line
represents a part of the trajectory for the epicycloidal attractor as shown in Fig. 5.2(c).
The contour line (dotted line) of a spiral wave is shown at the instant, when its front
passes through the measuring point (cross). The locations of the core centre before the
ith and the (i+1)th pulse are shown as a filled and an open circles, respectively. Thick
segments indicate application of the light pulses. Scale bar: 1 mm.

theory is applied to describe the experimental results. Each light pulse induces the
displacement of the core centre. Based on the sketch of Fig 3.11 (Section 3.3.2.1), the
spiral tip trajectories are drawn as schematically shown in Fig. 5.8.

The displacement A of the core centre after application of the ith pulse is indicated
as a grey solid line in Fig. 5.8. The direction of this displacement is determined by the
angle . This angle is measured with respect to the line connecting the core centre and
the location of the spiral wave tip at the instant when the ith pulse is applied. The
rotation of the spiral tip around the core centre is specified by the angle «, which is
measured from the line connecting the core centre to the measuring point. This angle
also determines the orientation of the whole spiral wave shown by the dotted curve in
Fig. 5.8.

The dependence of the attractor radius R (scaled by \) on the time delay 7 (scaled

by T,) is summarized in Fig. 5.9. The characteristics of the epicycloidal resonance
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Figure 5.9: Attractor radius R, for different delay times 7: diamonds and crosses,
epicycloidal attractors with negative (A = —0.030 mW/cm?) and positive pulse (A =
0.051 mW/cm?); triangles and squares, hypocycloidal attractors with positive (4 =
0.041 mW /cm?) and negative pulse (A = —0.031 mW /cm?), where Iy = 0.061 mW /cm?.
Solid and short-dashed curves are prediction of Rs(7) from Egs. (1) and (2) for stable
and unstable hypocycloidal attractors, respectively, with h,, = 0.215 + 0.003 mm, ,, =
4.00 £ 0.11 rad for negative, and h, = 0.328 £+ 0.005 mm, v, = 0.91 £ r0.07 rad
for positive pulse. Similarly, long-dashed and dotted curves are prediction of Rs(7) for
stable and unstable epicycloidal attractors, respectively. Each branch (labelled (1)-(6))
of the dependency Rs(7) is computed by substituting the different values of h, ¥ and
m in equations as follows: (1) hyp, ¢, and m = 0 in Eq. (2), (2) hy, ¥, and m = 1 in
Eq. (1), (3) hn, ¥ and m = 1 in Eq. (2), (4) hy, ¥p and m = 1 in Eq. (1), (5) hyp,
¢p and m = 1 in Eq. (2), and (6) hy, ¥, and m = 2 in Eq. (1). Inset: function O(r)
specifying the experimentally observed shape of the spiral wave front. O(r) increases
with 7 in the vicinity of the core radius 74, reaches a maximum at r = 7, and becomes
negative for r > rg.

attractors shown in this graph (diamonds and crosses for negative and positive pulses,
respectively) agree well with previous studied [35, 40].
According to Section 3.3.2.1, a theoretical analysis has previously shown [40] that

several stationary solutions of the attractor radius R, exist for each value of the time

delay 7, and that the following equations should be satisfied:

_ O(R) - ar(:(:(;s;h/@Rs)) — ) +m, (5.1)

T,
T O(Rs) +arccos(h/(2R;)) — ¢
T

= 2
5 +m, (5:2)
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where m is a positive integer. The function O(r) (see insert of Fig. 5.9) and the values
of h and ¢ are measured quantities (cf. [35]). The size of the resonance orbit can then
be predicted at any time delay 7 by substituting these data into Egs. (5.1) and (5.2).
Linear stability analysis shows that Eq. (5.1) describes stable solutions and Eq. (5.2)
corresponds to unstable ones [40].

In order to apply this theory to the experimental results, the function ©(r) and the
values of h and v are determined as follows. The image of the unperturbed spiral wave
shown in Fig 5.1 was used to determine a contour line and the plotted function ©(r) (see
insert of Fig. 5.9). The values of the core displacement with the epicycloidal resonance
attractors give the following data: h, = 0.328 £ 0.005 mm and v, = 0.91 £ 0.07 rad for
positive pulses with the given amplitude A = 0.05 mW /cm?, and h,, = 0.215 4 0.003 mm
and 1, = 4.00 & 0.11 rad for negative pulses with A = —0.04 mW /cm?. These values
are obtained by the epicycloidal attractors corresponding to the trajectory in Figs. 5.2(c)
and 5.4(a), where 7 = 0. The computed results are shown in Fig. 5.9, where each branch
of the dependency Rs(7) was obtained for different values of h, 1) and m.

In Fig. 5.9, there are mostly long-dashed branches and short-dashed branches. The
short-dashed curves were computed from Eq. (5.2), with a positive sign in front of
arccos(h/(2R;)). Since the change of slope of the ©(r) curve in the interval from 7,
to 7o implies a switching of stability [40], there is an unstable portion of these curves
(short-dashed) and a stable one (solid). Consider the shortest branch close to the
ordinate of Fig. 5.9 (7/T, < 0.05). The experimental results suggest that with positive
pulses there exist only hypocycloidal attractors in this interval, whereas epicycloidal
ones will not be stable. In a similar manner, the existence of other sets of hypocycloidal
resonance attractors observed in experiments (all squares and triangles in Fig. 5.9) can
be explained with other branches computed according to Eq. (5.2). Note that there are
very small unstable branches (e.g., dotted arc-shaped segment at 7/7,, ~ 0.2) connected

to the lower end of each stable branch of epicycloidal resonance attractors, as reported
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earlier [40].

As previously reported in Section 5.1.1, the hypocycloidal attractor is observed
for Ry < 0.15\, whereas for larger values Ry > 0.15) only the epicycloidal attractor
occurs. However, Ry must not be too small, i.e., it must be larger than the core
radius, r4. Otherwise, with the measuring point located inside the core no light pulse
is triggered. According to [40] the hypocycloidal resonance attractor is reached for the
interval v, < Rg < rp. In the experiments of the present work, r, = 0.070\ and rg
= 0.152\ (see inset of Fig. 5.9). Hence, the boundary value Ry < 0.15)\ is in good
agreement with theoretical expectations [40].

The agreement between the experimental data and the theoretical prediction de-
creases for large time delay. A possible reason for this is the relaxation and delayed re-
sponse of the spiral wave in experiments following the application of a light pulse [79].
The features of the pronounced deviations of the attractors are not explained in the
theoretical prediction. However, the observed deviations are reproduced. These results

show instabilities of the hypocycloidal resonance attractor for a long time delay.

5.2 A rigidly rotating spiral wave under non-local feedback control
derived from a square-shaped sensory domain

The observations of the rigidly rotating spiral wave under non-local feedback are focused
on the effects of the domain size. The background intensity Iy is fixed at Iy = 0.070 £+
0.020 mW /cm? as an initial condition for all experiments. At this illumination intensity,
the spiral tip rotates rigidly around a circular path with a diameter of 0.384 4+ 0.014 mm,
the rotation period of the unperturbed spiral wave T,, = 43.38 + 1.35 s, and the spiral
wavelength A = 2.11 £ 0.14 mm. The constant By, the feedback gain kg, and the side
length d of the controlled square-shaped domain are specified as initial parameters for
each experiment.

Figures 5.10 and 5.11 show the effect of the domain sizes on the dynamics of the

rigidly rotating spiral wave under non-local feedback control. The domain sizes are
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changed with various side lengths d. For the side length of the domain significantly
smaller than the spiral wavelength (d = 0.5)), the spiral leaves the centre of the sensory
domain, where its circular core was initially placed (arrow in Fig. 5.10(a)), by drifting
outwards until it makes a turn to follow a circular path with a radius of about 0.76\.
This motion resembles that observed in earlier reported experiments applying a small
size, circular-shaped sensory domain [36].

For a domain size equal to the spiral wavelength (d = \), the spiral core first drifts
away from the domain centre as shown in Fig. 5.10(b), then it approaches a stable
trajectory describing a square-shaped pathway. The square-shaped trajectory with a
side length of about 1.33\ is rotated by about 45° with respect to the domain. Note
that the drift velocity of the spiral wave core changes periodically: it is slower at the
corners and faster at the sides of the trajectory.

Figure 5.10(c) shows the trajectory of the spiral tip in an experiment with a still
larger feedback domain, d = 1.25\. In this case, the spiral tip is initially placed close
to the domain boundary. The feedback control induces first a drift towards the centre

and subsequently towards the middle region of the adjacent side of the domain. This

Figure 5.10: Experimental trajectories of a spiral wave tip subjected to non-local feed-
back control for different sizes of the sensory domain: (a) d = 0.5\ (A = the spiral
wavelength) with By = 24, kg, = 0.2, (b) d = 1.0\ with By = 24.5, kg, = 0.8, and
(c) d = 1.25) with By = 19, kg, = 0.45. Iy = 0.07 mW /cm? for all experiments. The
domains and the initial spiral core locations are indicated by squares and thick arrows,
respectively. The spiral images are shown for the start of the trajectory in (a) and (b)
and the end of the trajectory in (c). Scale bar: 1 mm.
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process occurs several times and consequently the spiral tip is caught inside the square,

“virtual walls”.

bouncing from and to the

When the domain is further increased to d > 1.45), the trajectory is qualitatively
changed as shown in Fig. 5.11. The spiral wave core is initially placed close to the
centre of the domain d = 1.45\ (see Fig. 5.11(a)). The trajectory is approximately a
small square. For a larger feedback domain d = 1.5\, the spiral wave core is initially
placed outside the domain (see Fig. 5.11(b)). The spiral core is attracted towards a
trajectory describing a large square with rounded corners. The drift velocity is slower
at the corners. Its orientation coincides with that of the domain, in contrast with the
trajectories in Fig. 5.10(b) and 5.10(c), which are rotated by about 45° with respect to
the domain.

Figures 5.10 and 5.11 indicate that increasing the size d of the feedback domain
has a pronounced effect on the shape and size of the spiral tip trajectory. For a rather

small size (d = 0.5)), the trajectory describes a circular shape. The circular trajectory

transforms to a square for d = X\ (see Figs. 5.10(a-b) and 5.11(a)). The size of the

(a) (b)

Figure 5.11: Experimental trajectories of a spiral wave tip observed for different sizes
of the sensory domain: (a) d = 1.45\ with By = 19.5, kg, = 0.2 and (b) d = 1.5\
with By = 22, kg, = 0.8. Ip = 0.70 mW /cm? for all experiments. The domains and
the initial spiral core locations are indicated by squares and thick arrows, respectively.
Scale bar: 1 mm.
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square-shaped trajectories decrease with increasing the domain size (see Fig. 5.10(b-c)).
For further increasing the domain d = 1.50\, a large square-shaped trajectory with
rounded corners is observed, where the spiral wave core is initially placed outside the

domain.
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CHAPTER 6

CONCLUSIONS AND OUTLOOK

Feedback algorithms are an effective way to control the dynamics of spiral waves which
are observed in an excitable layer of the BZ reaction with the light-sensitive Ru(bpy)?r
catalyst. The light-sensitive Ru(bpy)?r—catalyzed BZ reaction has proven to be a suit-
able laboratory system for investigating local and non-local feedback control by means
of time-dependent illumination. The systematic study of spiral wave dynamics under
local and non-local feedback control demonstrates a variety of dynamical responses.

Local feedback control results in a drift of the spiral core along circular orbits, which
appear to be an attractor. There are two types of resonance attractors that can be
observed for a rigidly rotating spiral wave under local feedback control: hypocycloidal
and epicycloidal resonance attractors. The dynamical features of both attractors is just
near-resonance, i.e., either 15, > T, or T;,, < T, where T}, is the rotation period at
the measuring point and T, is the unperturbed rotation period, corresponding to either
epi- or hypocycloidal shape. A control parameter that defines the boundary between the
two types of the resonance attractors, is the initial distance Ry between the measuring
point and the initial location of the spiral core. In fact, the hypocycloidal attractor is
observed for Ry < 0.15\, whereas for larger values Ry > 0.15) only the epicycloidal
attractor occurs.

The type, size and stability of the hypo- and epicycloidal resonance attractor can
be changed by introducing a time delay into the feedback loop. With increasing time
delay 7, the radius of the hypo- and epicycloidal resonance attractors increases and
decreases, respectively. An experimental study of the dependence of their radius Rs

on time delay is in good agreement with the theoretical predictions. The agreement
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between the experimental data and the theoretical prediction decreases for large time
delay. The attractor shapes deviate strongly from circular symmetry and then becomes
quite irregularly shape if the time delay in the feedback loop becomes relatively long. To
study further instabilities of the hypocycloidal resonance attractor for such long delays
is an interesting challenge for future work.

Rigidly rotating spiral wave dynamics is also studied under a non-local feedback al-
gorithm for while the illumination intensity is proportional to the average wave activity
within a square-shaped sensory domain of the reaction layer. The investigations show
a broad spectrum of dynamical responses most of which result in square-shaped tra-
jectories of the spiral tip, including reflection at the virtual walls. In certain ranges of
increasing d the size of the square trajectory is reduced. Then, the size of the feedback
domain plays an important role in the pronounced effect on the shape and the size of
the spiral tip trajectory. Experiments also show that the trajectories act like the at-
tractors: the spiral tip always approaches them independently from its initial position.
Then, the size and shape of a sensor by which we collect information about the activity
level of a dynamical system turns out to be crucial in determining the size and shape
of the spatio-temporal attractor governing the behaviour of the system under feedback
control.

A study of the spiral wave dynamics in the BZ reaction can lead to a useful de-
scription of biological systems wih excitable behaviour. The feedback algorithms are an
effective method to manipulate spatio-temporal patterns of nonlinear dynamics, espe-
cially spiral waves in excitable media. If a way can be found to modulate the excitability,
this method can be transferred to control such dynamics in other types of spatially ex-
tended systems, e.g., in cardiac muscle [18] and neuronal tissue [80] or in context of

intracellular calcium dynamics [81].
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APPENDIX A

METHOD FOR CONTROLLING THE THICKNESS OF THE GEL
LAYER

The BZ reaction is carried out in a gel layer, which has a thickness of about 0.3 mm.
In order to control the thickness of the gel layer at this particular value, we employ a
supplementary tool comprising of a circular plastic ring and a press plate. The solution
of the gel was poured inside the ring, which is fixed in the petri dish, and the press
plate was immediately placed on top of this solution. Then the solution spreads all
over the area inside of the ring. After gelation, the press plate was taken off. The
thickness of the gel layer is the same as the thickness of the circular ring. The thick-
ness of the plastic ring is 0.30 £+ 0.02 mm with an inside diameter of 5.5 cm and an
outside diameter of 6.5 cm (see Fig. A.1(a)). The ring was glued to the petri dish using
silicone-paste (Baysilones-paste, GE Bayer Silicones). To avoid the gel sticking to the

press plate, it was covered with plastic film (Nescofilm, Karlan).

(b) ‘\

6 cm

«——— 65cm ——» v
< 7cm —— ] 6 cm

Figure A.1: A supplementary tool for controlling the thickness of the gel layer. (a)
The circular plastic ring was put inside the petri dish and (b) the press plate with an
octagonal shape, 6 X 6 cm, made from a plexiglass.
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Abstract

Spiral waves rotating rigidly in a thin layer of the light-sensitive Belousov-Zhabotinsky (BZ) reaction are subjected to a time-
dependent uniform illumination. A non-local feedback algorithm computes the illumination intensity to be proportional to the
average wave activity within a square-shaped sensory domain. The investigations show a broad spectrum of dynamical responses
which results in square- and cross-shaped trajectories of the spiral tip, including reflections at the virtual walls. The geometry of the
sensory domain is crucial in determining size and shape of the tip trajectories. A theoretical approach is proposed to explain the

observed phenomena.
© 2004 Elsevier B.V. All rights reserved.

Controlling the evolution of complex processes in
time and space is a major rescarch issue of nonlinear
dynamics [1,2]. It is important for many dynamical
phenomena including the formation of spatio-temporal
patterns in chemical reactions like the CO oxidation on
platinum surfaces [3,4] or the Belousov-Zhabotinsky
(BZ) reaction [5,6]. Some of the effective control meth-
ods have been applied to chemical waves propagating in
excitable media, such as external (periodic) forcing {7-9}.
Methods involving a time-delayed feedback [2], require
more complex algorithms {10,11} that are based on
collecting data on the activity level of the medium.

In this report we investigate spiral waves rotating in
an excitable layer of the BZ reaction. The activity level
in this medium can be measured at one point (local
feedback) [9,12], in a given domain (non-local feedback)
[13,14] and at all points (global feedback) [10]. Of both
theoretical and practical interest is the effect of shape
and size of the applied ‘sensory domain’ on the dy-
namics of rotating spiral waves under feedback control.
We apply square-shaped domains and find a broad
spectrum of dynamical responses, including square-

" Corresponding author. Fax: +662-2458332.
E-muil address: scokw@mucc.mahidol.ac.th (O.-U. Kheowan).

0009-2614/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2004.03.077

shaped and cross-shaped trajectories of the spiral tip.
Numerical simulations using the light-sensitive Orego-
nator model [15,16] reproduce this behaviour. We sug-
gest that the feedback method introduced in this work
offers an efficient tool for controlling also the dynamics
of other excitable media.

We study spiral wave dynamics in thin layers of the
BZ reaction with the light-sensitive Ru(bpy)3* catalyst
{17). This catalyst promotes the autocatalytic production
of HBrO,, the activator species of the BZ system. The
applied illumination enhances the production of
the bromide ion, an inhibitor species, and thus decreases
the system’s excitability which, in turn, results in slowing
down the wave activity in the medium. This provides an
experimentally accessible method to control spiral wave
dynamics, in that the light intensity influences parame-
ters such as the wavelength and the diameter of the
spiral core.

In our experiments, the Ru(bpy)?* catalyst was im-
mobilized in a silica gel matrix [18)} (thickness 0.3 mm,
diameter 5 cm) at a concentration of 4.2 mM. The re-
actants and their concentrations (disregarding bromin-
ation of malonic acid) were: NaBrOj; (0.20 M), malonic
acid (0.17 M), H,S04 (0.39 M) and NaBr (0.09 M)
[12]. The experiments were carried out at an ambient
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temperature of 25+ 1 °C. We created a spiral wave by
using a spot (diameter, 1 cm) of intense light from a cold
light source to break a propagating wave front (this
creates two wave ends) and suppressing one of the open
ends with the light spot to leave a single spiral in the
center of the dish [12]. The reaction layer was uniformly
illuminated from below with a video projector con-
trolled by a computer via a frame grabber. The oxida-
tion waves were observed in transmitted light by a CCD
camera and stored on a computer. The main features of
spiral rotation, the trajectory of spiral tip, is determined
by a special computer procedure given in [9].

In our non-local feedback algorithm, the illumination
intensity applied to the reaction layer is given by
Kheowan et al. [13]

I(t) = Ib + ke [B(2) — Bo], (1)

where Iy is a constant background intensity. B(¢) is the
average grey level of the pixels in the square-shaped
sensory domain

B(t) = % i Gi{1), 2)

where 0 < G; < 255 is the grey level of a given pixel, and
n is the total number of pixels in the domain. Note that a
larger grey level corresponds to higher concentration of
the oxidized form of the catalyst (bright fronts). The
intensity of the feedback illumination /(z) is controlled
by the gain kp,, and the value of B(¢). The constant By is
the B(t) averaged over one period of a spiral placed in
the center of the square domain and illuminated with
background intensity J;.

The effects of such non-local feedback on a rigidly
rotating spiral wave are shown in Fig. 1. For a side
length d of the domain significantly smaller than the
spiral wavelength 1 (d = 0.54), the spiral leaves the
center of the sensory domain, where its circular core was
initially placed (arrow in Fig. 1a), by drifting outwards
until it makes a turn to follow a circular path with a

Fig. 1. Experimental trajectories of a spiral wave tip subjected to the feedback control Egs. (1) and (2) for different sizes of the sensory domain: (a)
d = 0.54 (4 = spiral wavelength) with By = 24, kp, = 0.2, (b) d = 1.04 with By = 24.5, kp, = 0.8, and (¢) d = 1.254 with By = 19, kp, = 0.45. [y = 0.70
mW ecm? for all experiments. The domains and the initial spiral core locations are indicated by squares and thick arrows, respectively. The spiral
images are shown for the start of the trajectory in (a) and (b) and the end of the trajectory in (c). Scale bar: 1 mm.

radius of about 0.764. This motion resembles that ob-
served in earlier reported experiments applying a small
size, circular-shaped sensory domain [13].

For a domain size equal to the spiral wavelength
(d = %), the spiral core first drifts away from the domain
center (Fig. 1b), then it approaches a stable, square-
shaped trajectory with a side length of about 1.33%,
which is rotated by about 45° with respect to the do-
main. Note that the drift velocity of the spiral wave core
changes periodically: it is slower at the corners and
faster at the sides of the trajectory.

Fig. lc shows the trajectory of the spiral tip in an
experiment with a still larger feedback domain,
d = 1.252. In this case, the spiral tip was initially placed
close to the domain boundary. The feedback control
induces first a drift towards the center and subsequently
towards the middle region of the adjacent side of the
domain. This process occurs several times and conse-
quently the spiral tip is caught inside the square,
bouncing from and to the ‘virtual walls’. Fig. la— in-
dicate that increasing the size d of the feedback domain
has a pronounced effect on the shape and size of the
spiral tip trajectory. In certain ranges of increasing d,
the size of the square trajectory is reduced. Experiments
also show that the trajectories act like attractors: the
spiral tip always approaches them independently from
its initial position.

We complemented the experiments by numerical
simulations using the Oregonator model {15}, extended
by a term ¢ = ¢(¢) accounting for the effect of bromide
ion produced due to the illumination [16]:

u 1 2 u—gq 5

i Lt (fv+¢)u+q + Vu, (3)
ov

FoUv 4)

Here, the variables # and v describe the evolution of the
concentration of the autocatalytic species HBrO, and
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the oxidized form of the catalyst, respectively. Due to
the immobilization of the catalyst, variable v does not
diffuse in this model. The parameters ¢ = 0.05, ¢ = 0.002
and f = 3.5 are kept constant. Non-local feedback is
introduced into the model by varying the value of ¢(¢)
according to [10]

B(t) = ¢ + kn[B(1) — Bo), (5)

B(r) =é / ods, (6)

where ¢, is constant (=0.01). The integral B(z) takes
into account the effect of the average wave activity in the
square-shaped sensory domain . The constant B, refers
to this integral averaged over one period of a spiral
placed in the domain center with constant production
term @(t) = P,.

Fig. 2a shows the result of calculations based on Eqs.
(3)(6) with d = A (4] s.u.) and kg, = 0.1. The spiral core
was initially located at the center of the sensory domain.
Switching on the feedback control induces the drift of the
spiral core first outwards from the center and then along
a square-shaped trajectory, in good agreement with the

experimental results (Fig. 1b). In the parts of the tra-
jectory labeled 1 and 4 the center of the core drifts ap-
proximately along a straight line. In part 2 the trajectory
starts to bend and to slow down and then turns by 90° in
part 3. Corresponding changes in the illumination in-
tensity ¢(7) are shown in Fig. 2b. The feedback algorithm
is turned on at ¢ = 20 (after about 3 rotations) resulting
in large amplitude oscillations of the ¢ values. To show a
slight shift in the phase of this oscillation, black dots
have been plotted on the abscissa at an interval equal to
the oscillation period measured at the part of the tra-
jectory labeled 1. Using these ‘stroboscopic’ dots, the
phase shift, for example, between points labeled 1 and 4
can be determined as 0.54n, which agrees well with the
angle difference of the drift directions (90°) at points 1
and 4 of the square-shaped trajectory in Fig. 2a.

The oscillations in ¢(¢) are due to corresponding
changes of the value of the integral in Eq. (6), which we
analyze by considering unperturbed spirals (without
feedback) placed inside and outside the quadratic sen-
sory domain. The location of the spiral tip is indicated
by black circles labeled with letters P-S, as indicated in
the quadratic insert of Fig. 2c. These black circles depict
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Fig. 2. Spiral wave simulated by Egs. (3)~(6) under feedback control derived from a square domain with d = 4. The computations were performed by
the explicit Euler method, using a five-point approximation of the Laplacian on a 384 x 384 array with a grid spacing Ax = 0.5 and time step triangle
+ = 0.001. (a) Trajectory of spiral wave tip under a feedback control with kg, = 0.10. (b) Value of ¢(r) corresponding to the trajectory in (a). The
feedback was switched on at time = 20. « is the rotation phase. (c) Analysis of integral (Eq. (6)) as a function of the rotation angle  of the spiral
wave (without feedback) for different locations of the spiral wave core. Each curve is labeled by letters that correspond to those in the square domain
(inset) and indicate the location of the spiral core. 8 is the average value of B(0) for one rotation of a spiral placed at the domain center. Rotation
phases given by arrows are: az = 1.48, ag = 1.97. (d) Flow map of spiral core trajectory. Arrows indicate the velocity and the direction of the drift.
Distance between data points is 1/84. The direction of each vector is determined from the difference between the phase of B at that point (arrow tail)
and a reference phase (in this case n/4). Its modulus is calculated as the integral of |B(0)-By| over one period of the rotation angle 6.




Fac. of Grad. Studies, Mahidol Univ.

M.Sc. (Chemical Physics) / 77

O.-U. Kheowan et al. | Chemical Physics Letters 389 (2004) 140144 143

the locations of the spiral core along the trajectory in
Fig. 2a. For example, points R and S in the insert cor-
respond to the parts of the trajectory in Fig. 2a, labeled
1 and 4, respectively.

The B-values are calculated and plotted in Fig. 2c for
one rotation of the spiral (0 < rotation angle 6< 2n),
without feedback. Here, B can be written as a function
of the rotation angle 6(¢), which is proportional to time
t, i.e. B = B(#). The horizontal line in this graph corre-
sponds to By, as specified in the caption. Curves B(8)
oscillate with different shape and amplitude for different
locations P-S. Considering the extrema of these curves
B(6), their high values at location P result in a large
perturbation and therefore, a fast drift of the spiral wave
core, as observed in Fig. 2a. Around location Q, cor-
responding to one of the corners of the square-shaped
trajectory in Fig. 2a, the values of these extrema drop,
therefore, the drift around the corners is slow. In order
to explain the direction of the drift, the phase of curve
B(6) must be characterized. Note that all shown curves
cross the reference line, B(6) = By, with a positive slope
only once during a rotation period. In order to further
characterize these curves, the value of the rotation angle
at the intersections is defined as the rotation phase «.
One can see that the shapes of the B(f) curves at loca-
tions R and S (with drift directions that are perpendic-
ular to each other) are similar, but their phases differ by
about 0.57 (compare ag and ag in Fig. 2c). This corre-
sponds well to the phase shift of 0.54n in the feedback
signal in parts 1 and 4 of Fig. 2b.

For a more detailed analysis, the local values of
B(0) = B, (0) were determined on a finer grid of core
locations (x, y). This provides the possibility to construct
a flow map shown in Fig. 2d. As described in the caption,
this flow map is based on phases representing the drift
directions. The integral of |B(8)-By| over one period is
taken as a measure for the magnitude of the perturbation
and represents the drift velocity. Most of the flow vectors
are attracted towards a square trajectory, on which they
are caught in a counterclockwise motion, in agreement
with the observed attractor in Fig. 2a.

Fig. 3. Simulation results of the spiral wave dynamics under a feedback
control derived from different sizes of the domain: (a) d = 0.54,
kpp = 0.10, (b) d = 1.254, kg = 0.20, and (c) d = 24, kp = 0.50. Tra-
jectories (a) and (b) correspond to experiments shown in Fig. laand c,
respectively.

The dynamics of such an attractor changes with the
size of the integration domain. For a rather small do-
main (d = 0.51) one obtains a circular attractor
(Fig. 3a), similar to that of Fig. la. Here, the four-fold
geometry of the sensory domain is not reflected in the
shape of the trajectory. For domains larger than the
spiral wavelength, the size of the attractor decreases, as
shown in Fig. 3b where d = 1.254. The 90° turns of the
drift direction close to the virtual walls agree with the
experimental observation (Fig. 1b). An interesting cross-
shaped trajectory is created by further increasing the
domain (Fig. 3c).

Our experimental and numerical results demonstrate
that the considered nonlocal feedback algorithm is
highly efficient to control spiral wave dynamics. The
method can be transferred to control such dynamics in
other types of spatially extended systems, €.g. in cardiac
[19] and neuronal tissue [20] or in the context of intra-
cellular calcium dynamics {21]. The size and shape of a
sensor by which we collect information about the ac-
tivity level of a dynamical system turns out to be crucial
and decisive on determining the size and shape of the
spatio-temporal attractor governing the behaviour of
the system under feedback control.
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Abstract

Rigidly rotating spiral waves are investigated in the light sensitive excitable Belousov—Zhabotinsky reaction under local feedback
control. Each light pulse is applied at a moment that corresponds to the passage of the wave front through a particular measuring
point. For a small distance between the measuring point and the initial location of the spiral core, a resonance attractor with hypo-
cycloidal shape is observed, whereas for a larger distance an epicycloidal resonance attractor occurs. The size of the attractor can be
changed by introducing a time delay. Experimental and numerical results are compared with an earlier developed theory on the res-

onance attractor.
© 2004 Elsevier B.V. All rights reserved.

Controlling the dynamics of spiral waves is important
for many excitable media including chemical systems
like the Belousov-Zhabotinsky (BZ) reaction [1-6], or
biological systems like cardiac tissue {7-10]. One effec-
tive control method is a local feedback algorithm. It
has been suggested that this method can be applied to
eliminate spiral waves in cardiac tissue {8), i.e., if certain
properties of the medium are varied with the period of
rotation of a spiral wave, the spiral wave will be sub-
jected to a drift and can be eliminated at the boundary
of the medium. Such a local feedback has been realized
in the laboratory by disturbing spiral waves in the light-
sensitive version of the BZ reaction [11] with a sequence
of short light pulses [12-18]. Each stimulus was applied
at an instant corresponding to the passage of the wave
front through a particular measuring point. This local
feedback mechanism was investigated originally for spi-
rals with a ‘meandering’ tip describing a hypocycloidal
trajectory that is characterized by two rotation periods:
Ty, as measured at the center of the trajectory and T,
as determined far away from it [14].

* Corresponding author. Fax: +66 2 3547151.
E-mail address: scokw@mucc.mahidol.ac.th (0.-U. Kheowan).

0009-2614/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2004.10.046

Under this feedback control two dynamical regimes,
called entrainment attractor and resonance attractor,
have been observed [14]. The entrainment attractor
occurs if the measuring point is located close to the cen-
ter of the unperturbed trajectory (initial distance Ry
about 1/3 of the spiral wavelength [14,15]). The period
of external modulation becomes Ty, ~ Ty, and the tip
moves on a hypocycloid in perfect synchrony with the
external signal. For larger R, the tip is found to move
on the resonance attractor. At this larger distance, the
average period of the triggered external stimuli is close
to T, and no strict synchronization as in the case of
the entrainment attractor is obtained. Both regimes are
stable with respect to a small shift of the measuring
point, which always constitutes the symmetry center of
these attractor orbits [14).

More recently, this kind of local feedback control was
also applied to rigidly rotating spiral waves [16-18],
characterized by only one rotation period. In this case,
only the resonance attractor was observed and mostly
the trajectories of this attractor are epicycloids, i.e., their
petals are directed inwards. However, it was reported in
a numerical study [16] that very small resonance attrac-
tors may assume a hypocycloidal shape, ie., with
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outward directed petals. This latter case has not yet been
investigated in the laboratory, and we show in this Let-
ter that, in fact, hypocycloidal resonance attractors exist
for rigidly rotating spiral waves and that their occur-
rence depends sensitively on the initial conditions cho-
sen for the feedback signal. We investigate their
dynamical features under the application of time delays.
The results are corroborated by numerical simulations
and compared with theoretical predictions.

The reaction was carried out in a petri dish (diameter,
5.5 cm) containing a thin layer (thickness, 0.30 mm) of
silica gel [17). The light sensitive Ru(bpy)§+ catalyst
was immobilized in the gel at a concentration of 4.2
mM. The BZ solution without catalyst was poured on
top of the gel. After several minutes an equilibrium
between liquid and gel was established and the following
concentrations of reactants were reached: 0.20 M
NaBrO;, 0.17 M malonic acid, 0.39 M H,SO,, and
0.09 M NabBr. The gel and the solution were kept at a
constant temperature of 25 * 1 °C.

A wave front was broken with a spot (diameter, 1 cm)
of intense light from a cold light source. As a conse-
quence, the open ends of the wave begin to form a pair
of spirals. One spiral was suppressed with the light spot
to leave a single spiral in the center of the dish. This pro-
cedure defined the initial condition for all of the experi-

ments. The gel in the petri dish was illuminated from

below with a video projector and controlled by a com-
puter. The pictures of the appearing oxidation waves
were observed in transmitted light (4 =485 nm), de-
tected by a CCD camera and stored with a computer
program. The spiral rotation was characterized by con-
sidering the trajectory of the spiral tip detected with
image processing techniques, as specified in [3,14,17].

For a given background light intensity
Iy =0.061 *0.001 mW/cm?, the spiral tip rotates rigidly
around a closed circle with a diameter of 0.36 £ 0.03
mm. The unperturbed rotation period is T,=
3941+214 s and the spiral wavelength is
A =1.92 +0.10 mm. The rigid rotation is disturbed by a
sequence of short light pulses (amplitude A4, duration 5
s), applied at the moment, when the wave front passes
through a preselected measuring point, or after some time
delay . During the pulse the total light intensity /is either
increased (positive pulse, 7> Ip) or decreased (negative
pulse, I < ).

The hypocycloidal resonance attractor is found to oc-
cur if the measuring point is located very close to the
core center of the unperturbed spiral (Fig. la), ie.
Ry < 154. In this example the spiral wave tip asymptot-
ically approaches a five-lobed hypocycloidal trajectory
with its symmetry center coinciding with the measuring
point (Fig. 1b). The ratio of the rotation period at the
measuring point (Tpp) to the unperturbed period,
T/ Ty, is 0.867 and the ratio of the attractor radius
to the spiral wavelength, RJ/A is 0.117. The light pulses

Fig. 1. Hypocycloidal (a-b) and epicycloidal (c) resonance attractors of
the rigidly rotating spiral. Initial distance between measuring. point
(cross) and unperturbed core center, Ro: (a~b) 0.0934 and (c) 0.1554.
Ip = 0.061 mW/cm?; A = 0.050 mW/cm?. (a) Transient state of trajectory
in (b), which is the stationary attractor sevcral spna] rotations
after starting the feedback. Thick segr i ppli n of light
pulses. The dotted line depicts the unperturbed spiral tip tra)ectory Open
and filled arrows indicate the rotation direction of the sprial tip and
thespiral core, resp. Theradius of an attractor R is defined as the average
of inner and outer radius of the looping trajectory. Scale bar: 1 mm.

appear in the inner part of the loopy trajectory, and
the drift direction of the spiral core is opposite to that
of the tip rotation.

For Ry > 0.154, the spiral tip describes an epicycloi-
dal orbit centered at the measuring point, and we find
Tmp/Tu =1.098, RJ/1=0.805. The light pulses occur
when the tip moves along the outer part of the loopy tra-
jectory. The sense of rotation is the same for the spiral
core and the spiral tip.

The dynamics of the hypocycloidal attractor was
further studied after introducing a time delay t into
the feedback loop. Examples for positive (4 = 0.040
mW/cm?) and negative pulse feedback (4 = —0.031
mW/cm?) are shown in Fig. 2. Starting with =0 in
Fig. 2a, the radius of the hypocycloidal resonance
attractor increases with 7. This growth is accompanied
by an increase of the number of lobes in the trajectory,
ie., 5, 6, and 7 lobes for ©/T, =0, 0.026, 0.053, respec-
tively. If the delay reaches a certain value (t/T,=
0.067), a transition from- the hypo- to the epicycloidal
regime takes place. In the range 0.067 < /T, < 0.679
only this regime is observed, although a very small
Ry was chosen. Note that the radius of the epicycloidal
attractor decreases with 7 in agreement with previous
findings [16,17). At /T, =0.679, however, this radius
becomes so small, that the measuring point is finally
located inside the spiral core and no light pulse is trig-
gered any more. Then a further increase of 7 brings the
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Fig. 2. Trajectories of the spiral tip under variation of the time delay 7: (a) positive pulse feedback with amplitude A = 0.043 mW/cm?; (b) negative
pulse feedback with 4 = —0.031 mW/cm?, where /, = 0.061 mW/cm®. The measuring point (crosses) was initially placed close to the unperturbed
spiral core (Ro < 0.154), except for the two orbits in (b) at Tinp/T,, = 0.805 and 1. Thick segments correspond to the application of light pulses. Scale

bar: 1| mm.

dynamics of the system back to the hypocycloidal re-
gime, where the size of the attractor orbits increases
with © (0.775 < /T, < 0.989). Hypocycloidal attractor
becomes again unstable at t/T, = 1.038, consequently
the dynamics switches, once more, to the epicycloidal
regime.

Examples of hypocycloidal resonance attractors ob-
served for negative pulse feedback are shown in Fig.
2b in the range 0.3 < ©/T, < 0.56. Here, the pulses (indi-
cated by thick segments) occur in the outer part of the
hypocycloidal trajectory in contrast with the finding
for positive pulse feedback (see Figs. 1a and 2a), where
the pulses appear in the inner part. However, the time
delay plays a similar role here, i.e., the radius of the
attractor increases with 1.

Further instabilities of the hypocycloidal attractors
are observed, when a prolonged time delay (¢/7, > 1)
is introduced (Fig. 3). A clear deviation from a circular
symmetric attractor appears for t/T, =2 (extended
hypocycloid, Fig. 3c). With increasing 7 deviations be-
come more pronounced: Apparently, the trajectories in
Fig. 3d-f share a similar feature: they consist of a ‘head’
(circular, outward loops), and a ‘tail’ (extended, inward
loops). The length of the tail increases with 1.

The dependence of the attractor radius R; on the time
delay 7 is summarized in Fig. 4. The characteristics of
the epicycloidal resonance attractors shown in this
graph (diamonds and crosses) agree well with previous
studies [16,17). The new results for the hypocycloidal
resonance attractor are represented by squares and tri-
angles (see caption).

A theoretical analysis has previously shown [16] that
several stationary solutions of the attractor radius R,

(a) (b) (©
e

o

Fig. 3. Trajectories of the spiral wave tip observed for large time delays
1, where Ip =0.062 mW/cm?, 4 =0.091 mW/em? (a) o/T, =0; (b)
UTu=1;(0) Ty =2; (d) ©/Ty=3; (¢) /Ty =4; () /T,=6. Thick
segments correspond to the application of light pulses. Scale bar: 1 mm.

exist for each value of the time delay t and that the fol-
lowing equations should be satisfied:

T _ Q(Rs) — arccos(h/(ms)) _ '1’
T_u = P +m, (1)
L _OR) urwos/GR) ¥, @

where m is a positive integer. The function ©(r) (see in-
set of Fig. 4) and the values h and  are measured quan-
tities (cf. [17]). The size of the resonance orbit can then
be predicted at any time delay 7 by substituting these
data into Egs. (1) and (2). Linear stability analysis
shows that Eq. (1) describes stable orbits and Eq. (2)
unstable ones [16]. The computed results are shown in
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Fig. 4. Attractor radius R, for different delay times 1: diamonds and
crosses, epicycloidal attractors with negative (4 = —0.030 mW/cm?)
and positive pulse (4 =0.051 mW/cm?); triangles and squares,
hypocycloidal attractors with positive (4 =0.041 mW/cm?) and
negative pulse (4 = —0.031 mW/cm?), where I, = 0.061 mW/cm?. Solid
and short-dashed curves are prediction of R,(t) from Egs. (1) and (2)
for stable and unstable hypocycloidal attractors, resp, with
h,=0215+0.003 mm, ¢¥,=400+0.11 rad for negative, and
h, =0.328 £ 0.005 mm, Y, =0.91 £ 0.07 rad for positive pulse. Sim-
ilarly, long-dashed and dotted curves are prediction of Ry(z) for stable
and unstable epicycloidal attractors, resp. Inset: function ©(r) spec-
ifying the experimentally observed shape of the spiral wave front. O(r)

increases with r in the vicinity of the core radius r,, reaches a maximum

at r = rg, and becomes negative for r > ro.

Fig. 4, where each branch of the dependency R, was
obtained for a fixed value of m.

In this figure there are mostly long-dashed branches
and mostly short-dashed branches. The mostly short-
dashed curves were computed from Eq. (2), with a pos-
itive sign in front of arccos(h/(2R;)). Since the change of
slope of the ©(r) curve in the interval from r, to ro im-
plies a switching of stability [16], there is an unstable
portion of these curves (short-dashed) and a stable one
(solid). Consider the shortest branch close to the ordi-
nate of Fig. 4 (t/T, < 0.05). Our experimental results
suggest that with positive pulses there exist only hypo-
cycloidal attractors in this interval, whereas epicycloidal
ones will not be stable. In a similar manner, the existence
of other sets of hypocycloidal resonance attractors ob-
served in experiments (all squares and triangles in Fig.
4) can be explained with other branches computed
according to Eq. (2). Note that there are very small
unstable branches (e.g., dotted arc-shaped segment at
/T, =~ 0.2) connected to the lower end of each stable
branch of epicycloidal resonance attractors, as reported
earlier [16].

Some of these results were complemented by
numerical simulations using Oregonator model
[19,20] extended by a term ¢ = ¢(¢f) that accounts
for the effect of bromide ions produced by the illumi-
nation [21}:

lated under local feedback control is shown in Fig. 5a.
These simulation results are consistent with the
epi- and hypocycloidal resonance attractors observed
experimentally (see Fig. 2a). A numerical study of the
dependence of their radius R; on 7, as shown in
Fig. 5b, is in good agreement with the theoretical predic-
tions. There is, however, some discrepancy with the
experimental findings (see Fig. 4). In the experiments
hypocycloidal resonance attractors are observed in a
quite extended range of delay times, whereas the corre-
sponding intervals in theory and simulations are
comparatively narrow. This disagreement becomes
more pronounced as 7 increases. A possible reason for
this is the relaxation and delayed response of the spiral
wave in experiments following the application of a light
pulse [22].

Our experimental results show that there are two
types of resonance attractors that can be observed for a
rigidly rotating spiral wave under local feedback control:
an epi- and a hypocycloidal one. Type, size and stability
of the attractor can be changed by introducing a time de-
lay into the feedback loop. In Table 1 some of the char-
acteristic properties are compared with each other.

Tip trajectories corresponding to near-resonance con-
ditions of the two attractors remind one of the resonance
drift induced by periodic external forcing of rigidly rotat-
ing spiral waves [23]. If Ty, and T, are exactly equal, the
perfect resonance is expected, with the core center
moving along a straight line. But the period of modula-
tion induced by the local feedback mechanism is just
near-resonance, i.e., either Ty, > T, or Tpyp < T, there-
fore the trajectory has either epi- or hypocycloidal shape.

A control parameter that defines the boundary be-
tween the two types of attractors is the initial distance
R, between measuring point and core center. In fact,
the hypocycloidal shape is observed for Ry <0.154,
whereas for larger values of Ry only the epicycloidal
one appears to be realized. On the other hand, Ry must
not be too small, i.e., it must be larger than the core ra-
dius, 7,. Otherwise, with the measuring point located in-
side the core no light pulse is triggered. According to [16]
the hypocycloidal resonance attractor is reached for the
interval r, < Ry < ry. In our experiments r, = 0.0704 and
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Table 1
Properties of the epi- and hypocycloidal resonance attractor

00 02 0.4 0.6 0.8 10 12

Fig. 5. (a) Simulation of epi- and hypocycloidal attractors computed from Egs. (3) and (4) for positive pulse (4 = 0.0035, duration = 12.197,) under
variation of t. The measuring point (crosses) was initially placed close to the unperturbed spiral core. Thick segments correspond to the application
of the light pulses. Scale bar: 20 s.u. (b) Attractor radius R, for different : triangles, attractors with positive pulse; squares, attractors with negative
pulse (4 = —0.0020, duration = 12.19T,,), with background value ¢, = 0.01. Solid and dashed curves: Ry(z) for stable and unstable solutions, resp,
computed from Eq. (2) with: h, = 0.0974, ¥, = 5.026 for a negative pulse; h, = 0.1284, i, = 0.848 for a positive pulse.

Characteristic property

Epicycloidal attractor

Hypocycloidal attractor

Rotation direction of tip and core Coincide
Rotation period, Trp >T,
Attractor size Large
Pulse interval location
Effect of increasing t

Outer part of the trajectory
Attractor radius decreases

Opposite

>Tu

Small

Inner part of the trajectory
Attractor radius increases

ro = 0.1524 (see inset of Fig. 4). Hence, the boundary
value Ry <0.151 is in good agreement with theoretical
expectations [16].

Interestingly, most of the properties of the hypocyc-
loidal resonance attractor shown in Table 1, which refer
to the rigidly rotating spiral waves, are very similar to
those of the entrainment attractor for meandering
spirals [14,15], although the dynamics of the rigidly
rotating and meandering spirals differ significantly by
the fact that their movement is composed of either one
(spatially uniform) or two (not spatially uniform) rota-
tion frequencies.

To be noticed is the difference in the modulation per-
iod. For rigid rotation it is equivalent to the rotation per-
iod at the measuring point Ty, Where Ty, < T, for the
hypocycloidal resonance attractor. On the other hand,
for the entrainment attractor of meandering spirals, it
is equal or very close to the period Ty at the center of
the unperturbed hypocycloidal trajectory. Finally, we
point to our observation that the attractor shapes deviate

strongly from circular symmetry, if the time delay in the
feedback loop becomes relatively long. To study further
instabilities of the resonance attractor for such long
delays is an interesting challenge for future work.
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