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Excitation fronts in a spatially modulated light-sensitive Belousov-Zhabotinsky system
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The evolution of excitation wave fronts in a spatially modulated light-sensitive Belousov-Zhabotinsky sys-
tem is investigated experimentally and theoretically. The excitation wave propagates in a thin, quasi-two-
dimensional reaction layer, which is illuminated through a periodical gray level mask. The light-induced
differences in excitability and velocity give rise to a temporal and spatial modulation of the initially flat fronts.
The experimental front evolution is described in the framework of a kinematical theory as developed earlier for
nonuniformly curved systems.
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Excitation waves are dynamical structures observed in Ju
many biological, chemical, and physical systdmg]. Con- ¢ = Dudu+F(up),
trolling the dynamics of these different excitable media is an
important field of current research. The chemical laboratory P
model of excitation waves, as they appear in the Belousov- i D,Av+eG(u,v),
Zhabotinsky(BZ) reaction, have been investigated with ho-

mogeneous and inhomogeneous distributions of differenfpa e, andy are variables, which are usually called activa-
control parameters in plangB,4] and nonplanar geometries o anq inhibitor, respectively. The small paramaterl de-

[5-7]. Thereby excitability in a planar system can be cON-e;mines two quite different time scales feandv. D, and

trolled by changing the organic substrg8d, by applying an - are the corresponding diffusion constants. The nonlinear

electrical field[9] or by illumination, if the light-sensitive functionsF(u,v) andG(u,v) describe the local kinetics of

variant of the BZ reaction is usddO0]. In this context, the this excitable system.

light-sensitive ruthenium-catalyzed BZ system has been de- |n order to simulate the dynamics of the light-sensitive

veloped during the past decade to a powerful tool for thesystem investigated in this work one can use either a modi-

investigation of self-organization and its control in spa-fied Oregonator model as in Rdfl7] or the kinematical

tiotemporal structures in excitable medil,12. theory mentioned aboVid 8]. The latter one is based on the
In a recent worK 7] the authors investigated wave propa- eikonal equatiorf19]

gation on a periodically, nonuniformly curved surfaze

= A sin(ox)sin(oy), whereA denotes the small surface ampli- V=V,—DK, 2

tude andb=2#/\ the wave vector with the wavelengkhof ] ] ) ) )

the surface undulation. The experimental results were comhich describes the linear relationship between the propaga-

pared with predictions from a kinematical thediy3—15 tion velocqu in the normal dlrectl_on of a curv_ed excitation

developed to describe the motion of a front on this surfaceTont and |ts_local curvatur. Vo is the velocity of a flat

With the assumption of sufficiently small surface undulationswave.w'thK_o' The slopeD IS appro_xmately equal to the

exact solutions of the front shape were obtained. diffusion constanD, of the activator in Eq(1).

L . . For an analytical study of the evolution of an endless
One possible interpretation of the observed phenomena A . ;
ront, propagating in a two-dimensional planar system one

the fact that the propagation velocity of a wave propagatingéan use the kinematical theory. In this theory, excitation

on a nonuniformly curved surface becqmes spatially nor"mi\'/vave is completely determined by specifying the line of its
form after projection on the plane. This leads to the €ON" front. As shown in Ref[15], the form and evolution of the
Wave front K(€,t) obey the following integro-differential

Sgquation

@

systems, e.g., in planar ones, in which velocity changes ari
from sources other than surface curvature.

In this paper we report on investigations of the propaga- 5

tion of excitation waves in a planar system illuminated in a 9 KFKVdg +% +ﬂ+K2V=0 3)
spatially modulated fashion and compare our theoretical re- at 0 at g2 ’

sults with the above mentioned kinematical approach that

has proven to be applicable to curved surfdcgs where¢ denotes the arclength of the front.

To describe wave propagation in an excitable medium a In nonplanar systemK is called the geodetic curvature
set of reaction-diffusion equations is widely udd@], such  and the right hand side of E3) is equal to—T'V, with I’
as the two-component system being the Gaussian curvature of the surfg2@. This modi-
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FIG. 2. Schematic figure of the coordinate transformation into
the comoving coordinate system.

First we performed the coordinate rotation

X=X cosa—Ysina,

FIG. 1. The smoothed checkerboard gray level mask. The ar-
rows indicate wave propagation {@) horizontal and(b) diagonal
directions across the periodically gray level mask.

y=Xsina+Yy cosa,

with « being the angle between the front and thaxis. In

fied Eq.(3) has been used in R4f7] to investigate the front this new coordinate system theaxis corresponds to the

propagation on a slightly modulated curved surface. arcleng';h(f of the front_which pr_opagates alon_g tyax_is at
In our experiments we used a mask with gray level distri-2 velocity Vo. Now this coordinate system is moving to-

bution as shown in Fig. 1. The light transmitted through sucr'geter;%rieg'g]sthe wave and the velocity of the front can be
a mask has an intensity that can be described by P

B
|=|O—CCOS{bX)COS(by) (4) V(€,t)=V0+ E[COQKle_(l)lt)‘f‘COSKzg‘}‘(J)zt)]_DK,

with a median gray valuk,, a small gray level amplitud€, ™

and the wave vectdo=2/\. In this planar system de-  wherex,;=2b cosB, w;=2bV,sin B, k,=2b sinB, and
notes the wavelength of the gray level mask. The nonuniform, ,— \2hv,cosg with =+ /4. Then we substitute Eq.
illumination of the planar reaction layer results in corre-(7) into Eq. (6). Using the Fourier transform technique the

sponding variations of the propagation velocly. High  resuylting equation can be solved analytically, yielding,
light intensity reduces the wave velocity, whereas an inten-

sity lower thanl, increases the propagation velocity. Ex- K%
panding the eikonal equatid®) for a uniform medium, one K({,t)= 5| ——=——=Co9k1{ — w1t +0,)
obtains 2| D%k} + w5
2
K
V=V,y+Bcogbx)cogby)—DK (B<Vy) (5 +———a——coS Kkl + wyt—0,) [, (8)

D2K‘21+ w5

to describe the propagation of light-sensitive excitation
waves. The amplitude of the velocity change is indicated bywith tan®,=w, /(D «3) and tar®,= w,/(D«3).
B. Note that excitation wave propagation in nonuniform me- The evolving shape of the wave front given by E8). in
dium composed of straight stripes was experimentally studthe comoving system corresponds to a superposition of two
ied in Refs.[18,21]. counterpropagating waves. The angle of the propagation di-

The small modulation amplitud® induces only small de- rection is included in the coefficients;, w;, «;, and w,.
formations of the initially flat wave front. For theoretical Therefore, the interaction strongly depends on this angle. We
analysis the linear approximation of the kinematical equatiorconsider two particular cases.
can be used if the front deformations are considered to be First, the “horizontal case({a=0 and therefore3=n/4)
sufficiently small K<b<V,/D). In this case one can ne- Wwith wave propagation parallel to theaxis. For this value
glect the nonlinear and higher order terms in the basic kineof the angleg the coefficients become;=«k,=b and w;

matical Eq.(3) to obtain the reduced equation = w,=bV,. Substituting these values into E®) we obtain
X aZV—O 6 K€, ) horiz= Bb cogbf)cogbVyt—0), (9
E"’W— . ( ) ( ’ honz_\/m 0 ’

For explaining the effects in arbitrary propagation direc-where ® =V,/(Db). Equation(9) can be interpreted as a
tions we need a comoving coordinate system as shown ifstanding wave” in the comoving frame with a spatially and
Fig. 2. a temporally oscillating cosine function that causes deforma-
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FIG. 3. Schematic drawing of the experimental setup. The 0.2- X

mm-thick ruthenium gel is pl n a transparen nd then - . L .
thick ruthenium gel is placed on a transparency and then cov FIG. 4. Experimental data of an excitation wave, propagating

ered with the BZ solution. The light is homogenized with a dn‘fuse.n the horizontal direction, as indicated by the long white arrow,

lass and reaches the reaction system after transmission through te S . . . P
9 4 9 over a periodically illuminated are@). The bright line in front
gray level mask.

of the three small arrows on the left hand side of the image cor-

. — . L responds to the initial, nearly flat front in the homogeneously illu-
tions of the initially flat front. The spatial period is the same ;.- region. The time interval between the 30 consecutive

as that of th_e gra)i I_evel mask in Fig. 1. front shapes isAt=20.0 s. The 6th to 30th front contours are
_Second, in the “diagonal casé®.g.,a=m/4 andf=7/2)  gyperimposed at the last position to show the deformations and

with diagonal wave propagation, the coefficients becomgne resulting standing wave, as predicted in E3). Image area:

k1=0, w1=12bVy, k,=\2b, and w,=0. Now Eq.(8)  39.3x28.7 mnf.

loses the time dependence and the solution can be written as

B Ref.[28]). Disregarding the bromination of malonic acid, the
K(€)diag=ﬁcos{ V2bo). (10)  initial concentrations in the gel matrix were calculated as
follows: 390 nM H,SO,, 173 nM malonic acid, 90 rivl

™ 2+
Unlike the horizontal case, the spatial period of the WaveNaBr’ 2_00 N‘?‘BFQ.’ and A."ZO M (Ru(bpy)_3 ) .
Placing a straight silver wire onto the gel in the reaction

front is now reduced by a factof2 and its shape remains ) .
constant in time. solution causes the appearance of flat excitation waves. To

Now we turn to the experiments in which the modulatedacce,lerate the init!ation, the silver wire was protect_ed against
mask was applied to the light-sensitive BZ reaction. Ferrointhe light by inserting a black paper between the light mask
the normally used redox catalyst of BZ waves, is replaced bnd the transparency with the gel. The two-dimensional
the tris(2,2 -bipyridinerutheniungll ) complex(Ru(bpy)é*) trgnsmlssmn of blue light through the system was detgcted
[10]. The reduced state of this catalyst promotes the auto¥ith @ monochrome charge-coupled-device cantfigachi
catalytic production of HBr@, the crucial activator and KP-M1 CCIR, 758 pixek576 pixe). Single frames were
propagator species. llluminating the catalyst produces théigitized online with a rate of 1.0 frame/s using an image-
photochemically excited statéRu*(bpy)2*) which then acquisition cardData-Translation DT3155The digital data
catalyzes the production of the inhibitor species 2]  Were analyzed later on a personal computer.
and decreases the excitability and velocity of excitation The gray values for the mask as shown in Fig. 1 were
waves[23]. By changing the applied illumination to the sys- calculated with a 8-bit resolution and printed on transparen-
tem it is possible to control the local excitability and thus thecies using a laser printer HP Laserjet 5SP/SMP Postscript with
dynamics of the excitation wavég4]. 600 dpi. The ratio between the intensity of the incident light

The catalyst(Ru(bpy)?) (Ru) was immobilized in a and the light transmitted through the printed transparency
silica gel matrix(Fluka) [25] in order to avoid hydrodynamic had to be optimized. If the gray value is too high, the con-
perturbations[26] and to increase the photosensitivity of trast between the front and the mask is too low. Conse-
the Ru-BZ system[27]. For decreasing the distance be- quently it is difficult to detect the wave position. For this
tween the gel and the gray level mask, the gel with a thickreason the minimum gray value was limited to 0.25% of the
ness of 0.2 mm was placed on a transparency as showfaximum gray value, and the average light intensityvas
in Fig. 3. set to 0.33 mW/crhwith an amplitudeC of 0.22 mW/cni.

The stock solutions of 2M NaBr, 2.0M NaBrG;, and For the experiments with wave propagation in the diago-
4.0M malonic acidall from Riedel-de Hag) were prepared nal direction we cut the transparency diagonally and placed
in distilled water. The catalys(Ru(bpy)%*) (21.4 nM, the mask with the cut side parallel to the flat wave front. For
Johnson Mattheywas prepared in 25 M H,SO,. No fur-  the horizontal case the masks were used without alterations.
ther treatment was applied t0,80, (5M, Roth. To make The gray level masks used for the experiments had a wave-
the reaction solution more homogeneous and to increase thengthA of 10 mm.
volume of the chemical components we used two different The deformations of an initially flat excitation front
solutions which were poured successively onto the(geé  propagating in the horizontal direction across the periodi-
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y case” and stationary periodical shape of the front in “diago-
nal case) are in perfect agreement with experimental re-
sults.

From the general solution, which is valid for front propa-
gation in arbitrary directions we extracted two important spe-
cial cases. Note that different results have been obtained in

~ y Ref.[7] for the front evolution on nonuniformly curved sur-

faces. However, the front dynamics that can be indicated as a

FIG. 5. Experimental data of an excitation wave, propagating inStanding wave as shown in Fig. 4 of this paper for the hori-
the diagonal direction, as indicated by the long white arrow, acrosgontal case has been found for the diagonal case in[REf.

a periodically illuminated areéd). The bright line in front of the  The time independent spatial deformation for wave propaga-

three small arrows in the left hand side of the image corresponds ttion in the diagonal directiolFig. 5) in this light modulated

the initial, nearly flat front in the homogeneously illuminated re- system shows interesting similarities to the horizontal case in

gion. The time between the 31 consecutive front linesAis  Ref.[7]. The only differences are the temporal oscillations of

=20.0 s. The last 16 front positions are superimposed. As predicteghgse parts of the front shape that lag behind during the
in Eq. (10) there are no temporal changes in the front shape. 'magﬁropagation across the curved surface. These were found in
area: 47.16.0 mn. Ref.[7] but do not appear in this study, which is a result of

o o the existence ok? and«3 in Eq. (8) in the upper part of the
cally illuminated Ru-BZ system are shown in Fig. 4 in aser-fractions. They do not appear in the analytical result of Ref.
ies of 30 consecutive snapshots of the front shapé ( [7] |n this case, it is not possible to set one part of the sum
=20.0 s). In the left part of the image one can see the '”'t"equal to 0 ifk;=0 or k,=0.

ated, nearly flqt front in the homogeneously illuminated part. "The work reported in this paper shows that the dynamics

After propagating across the gray level mask for about 60 gy jight-sensitive excitation waves propagating in a periodi-

the front shows significant deviations from its initially flat cally modulated Ru-BZ system performs a complex spa-

geometry. These deformations are superimposed for $aMetjstemporal process. Depending on the angle between the
values at the last position resulting in the predicted “standing,ont and the modulated medium we obtained two simple
wave” of Eq. (9) with periodical knots in the front shape gqyations of wave evolution. For the front shape of waves
evolution. _ propagating in a horizontal direction we get a spatial and

Figure 5 shows 31 consecutive snapshdis<20.0 s) of  temporal dependencgEg. (9)], whereas front shapes of

the initially flat excitation front propagating in the diagonal \y4yes propagating in a diagonal direction are only spatially
direction through the modulated Ru-BZ system. The initi- gependen{Eq. (10)]. The reasonable good agreement be-
ated, nearly flat wave front can be seen in the homogepyeen the theoretical and experimental results supports
neously illuminated left part of the image. After a short time the theoretical approach developed for periodically modu-
the wave has reached the periodically illuminated gray levejaieq systems elaborated in a recent wiatk There we em-

mask and is being deformed. Initially, these deformations argnasjzed that this theoretical approach can be applied to a

only slight but will increase for some time. The last 16 wave,griety of systems, in which the velocity varies by changing

fronts, which have a constant front undulation, are superimme excitability. Here we have shown the first application of

posed at the last position. ~this theory to a periodically illuminated light-sensitive BZ
The visible distinction of the front curves from sinusoidal gystem.

shapes is due to the fact that the illumination is not slightly

modulated and, therefore, the contribution of the nonlinear This work was supported by the Deutsche Forschungsge-
item in Eq.(3) is not negligible. On the other hand the main meinschaft and the US CRDF-RF Ministry of Education,
theoretical predictions(“standing wave” in “horizontal  Grant No. VZ-010-0.
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