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V-shaped stable nonspiral patterns
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V-shaped stable patterns moving with constant velocity and shape are reproduced experimentally using the
Belousov-Zhabotinsky reaction. In the literature, planar and rotating spiral waves are the only stable autono-
mous wave patterns whose shape remains constant during propagation. It was found that the velocity of the
V-shaped waves increases by a factor up to 10 times the planar wave front velocity for the same excitable
medium depending on the initial inner angle between asymptotes to the front. Moreover, these structures were
found to be stable with respect to small perturbation of their shapes. Results are compared with theoretical

predictions showing a perfect agreement.

PACS number(s): 05.70.Ln, 82.20.Mj

Theoretical predictions [1] have recently shown that
V-shaped stable nonspiral autowave patterns [2] can exist in
an unbounded excitable medium. These waves propagate
through the medium with constant shape and velocity. Ex-
perimentally, only rotating spiral waves and planar waves
[3—6] have been described in the literature as stable auto-
wave patterns [7] with constant shape. Here, we reproduce
experimentally the V-shaped patterns, using the Belousov-
Zhabotinsky (BZ) reaction as the excitable medium [8].

Experiments were performed in a liquid BZ reaction [9] at
room temperature (24 =1 °C) with the following recipe:
0.08M malonic acid, 0.22M sulfuric acid, 0.28M sodium
bromate, and 0.025M ferroin. The thickness of the liquid
layer never surpassed 1.5 mm in order to avoid three-
dimensional effects due to convection [9], and the Petri dish
(9 cm in diameter) was covered to avoid any interaction be-
tween the reaction and the oxygen in the air.

The initial V-shaped wave front was obtained by means of
a silver wire (10 cm long) [10] with appropriate shape im-
mersed into the liquid. The free ends of the wire were situ-
ated as close as possible to the boundaries of the Petri dish to
avoid spiral wave formation or other spurious effects. Differ-
ent initial inner angles a were fixed before the experiments.

The experiment was followed with a charge coupled de-
vice (CCD) camera connected to a video recorder system.
Single frames of the resulting movies were digitized by an
image-acquisition card and finally analyzed on a personal
computer. Then, wave velocity was measured in the direction
of wave propagation by recording automatically the position
of the vertex at constant intervals of time.

Once the medium had become homogeneous, the silver
wire constantly emitted V-shaped waves with a period not
greater than the refractoriness period supported by that me-
dium [10]. The initial pattern evolves in time to its final
configuration, with a constant inner angle « (Fig. 1), with a
small relaxation time as predicted by the theory [1]. Small
perturbations of the front shape [near the silver wire in Fig.
1(a)] decrease very quickly and the stable V-shaped pattern
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moves several centimeters without visible changes in its
shape. We have also numerically investigated the V-shaped
wave propagation on a standard model of an excitable me-
dium (two variable Oregonator model [11-13]). Figure 1(b)
shows a good agreement with the experimental results [Fig.
1(a)].

In our experiments, the silver wire vertex was placed far
enough (=4 cm) from the unpenetrable boundary of the Pe-
tri dish. We have not observed any influence of the Petri dish
border on the motion of the V-shaped patterns; they re-
mained stable and moving with constant velocity till they
approached the boundary where annihilation of the wave
fronts took place. That is why we can confirm that the ob-
served V-shaped patterns, undoubtedly, will exist in un-
bounded medium, as it follows from the theory.

The properties of the obtained stable V-shaped patterns
are in good agreement with the theoretical predictions. For
nearly all the front length, its curvature remained equal to
zero except at the vertex where a high negative curvature
(measured in the direction of propagation) was observed
[Figs. 1(c) and 1(d)]. Figure 2 shows the theoretical pattern
[1] obtained in the framework of the kinematical theory [14]
given by the natural equation
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where V(0) is the propagation velocity of the stationary
structure moving as a whole along the direction of propaga-
tion, V| is the planar wave front velocity supported by the
medium, D is the diffusion coefficient, and k is the wave
front curvature depending on [ (fength of the wave front
measured from the vertex).

The experimental wave velocities measured for different
initial inner angles « proved to be in very good agreement
with the theoretical prediction (Fig. 3)

Vo=V(0)sin( a/2). 2

Since the kinematical description given by Egs. (1) and (2)
assumes that only one wave front propagates through the
medium, in Fig. 3 we have represented only the wave veloci-
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FIG. 1. V-shaped patterns moving to the left (a) obtained in the BZ reaction by means of a silver wire (its shadow is seen in the right side
of the picture) constantly emitting waves and (b) for the Oregonator reaction-diffusion model (parameters: f=3, £=0.02, ¢=0.002, and
D,=1). Details of the previous images, (c) for the BZ reaction and (d) for the Oregonator model, show the wave front shape near the vertex
and the perfect agreement between numerics and experiments in this particular case. Initial inner angle « between the asymptotes to the
fronts in both cases is nearly equal to 60°. Note that those initial instabilities in the wave front shape observed near the silver wire in (a) are
damped towards the final stable V-shaped pattern. Note also that only near the vertex is the curvature of the wave extremely high.
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FIG. 2. Theoretical V-shaped pattern described by Eq. (1). Note
the extremely high curvature near the vertex. Parameters D and
V, are taken as those in the BZ reaction: D=10"° cm?/s and
Vo=1 mm/min. a=60°.

ties measured for the first wave front emitted by the silver
wire into the fresh medium. Smaller values of the velocity
were observed for the successive wave fronts but they re-
mained always close to the first one.
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FIG. 3. Dependence of the normalized wave propagation veloc-
ity of the stationary structure V(0)/V, as a whole with the inner
half-angle «/2 between asymptotic fronts. Squares ([J) correspond
to measurements in the BZ reaction for the first emitted wave into
the fresh medium, crosses (X) correspond to the numerical simu-
lations of the Oregonator model, and the solid line corresponds to
the theoretical prediction of Eq. (2).



51 V-SHAPED STABLE NONSPIRAL PATTERNS

The results of this paper show that, in a perfect agreement
among theory, numerical simulations, and experiments, in
homogeneous unbounded media there exists a family of non-
spiral patterns with invariable shape of the front. These pat-
terns are stable and move as a whole along a straight line.
Their velocity may exceed essentially the velocity of a planar
wave front by a factor depending on a.

Note that structures of invariable shape have been re-
cently observed in an excitable medium with penetrable
boundaries [15]. These patterns, however, have positive cur-
vature near the vertex and a presence of penetrable bound-
aries is necessary for their existence.
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The detailed study of these patterns should promote others
to obtain new information on the autowave behavior in ex-
citable media and in particular on the dependence of the
velocity on the curvature (in the case of very large negative
curvatures).
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FIG. 1. V-shaped patterns moving to the left (a) obtained in the BZ reaction by means of a silver wire (its shadow is seen in the right side
of the picture) constantly emitting waves and (b) for the Oregonator reaction-diffusion model (parameters: f=3, £=0.02, g=0.002, and
D,=1). Details of the previous images, (c) for the BZ reaction and (d) for the Oregonator model, show the wave front shape near the vertex
and the perfect agreement between numerics and experiments in this particular case. Initial inner angle « between the asymptotes to the
fronts in both cases is nearly equal to 60°. Note that those initial instabilities in the wave front shape observed near the silver wire in (a) are
damped towards the final stable V-shaped pattern. Note also that only near the vertex is the curvature of the wave extremely high.



