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Scroll Wave Instabilities in an Excitable Chemical Medium
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Two kinds of scroll wave instabilities were studied experimentally in the excitable Belousov-
Zhabotinsky reaction: three-dimensional meandering and negative line tension of the scroll wave filament.
The filament displays a flat zigzag shape in the initial stages of the experiment. As the chemical medium
ages, the filament assumes a wiggly shape while its length increases substantially. Numerical simulations
underpin the experimental findings and their interpretation.

DOI: 10.1103/PhysRevLett.100.148302

Spiral waves were observed early on in quasi two-
dimensional (2D) thin layers of a specific excitable chemi-
cal medium, the Belousov-Zhabotinsky (BZ) reaction
[1,2]. The tip of such a spiral may either rotate rigidly on
a circle with a single frequency or it may meander, involv-
ing two or more frequencies in its motion [2—4]. Scroll
waves are the three-dimensional (3D) counterparts of spi-
ral waves [5]. They can be characterized by the shape and
topology of their filament, i.e., the line around which the
scroll rotates. In 2D slices orthogonal to the filament, one
finds rotating spirals. Their rotation phases may vary along
the filament, leading to a twist. Scroll waves in external
gradients were found experimentally to exhibit strong
twists and complex dynamics [6]. Scroll wave dynamics
were also implicated in biological phenomena like the 3D
aggregation of slime molds [7] and ventricular fibrillation
(VF) in the heart [8]. In particular, their potential impact in
the development of VF has inspired many computational
studies of 3D excitable media that have revealed numerous
forms of complex dynamics ranging from twisted scrolls to
spatiotemporal chaos [9—-11]. The experimental study of
scroll waves and their complicated dynamics remains a big
challenge. The introduction of optical tomography [12] has
allowed for detailed studies of twisted scroll waves [13]
and scroll rings [14].

In parallel, simulations of simple models of excitable
media have yielded different instabilities of simple straight
scroll waves: namely, (i) a twist-induced instability known
as “sproing”’[15], (ii) negative line tension of the filament
[16], and (iii) a 3D form of meandering that leads not only
to compound rotation in the plane, but also to a helical
shape of the filament for periodic boundary conditions
[17]. More recently, 3D meandering in systems with no-
flux boundary conditions has been found to induce a planar
zigzag shape of the filament [18]. The consequences of
sproing include bending, as well as collision with and
attachment of the filament to the boundary. These features
have been experimentally observed in BZ systems subject
to a gradient parallel to the filament [6,13]. The negative
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line tension instability can give rise to chaotic patterns
denominated as ‘“Winfree turbulence’ [10(b)]. For straight
scrolls in homogeneous media, linear stability analyses
have been performed for all three types of instabilities
[18] and for the experimentally relevant case of the sproing
instability in a heterogeneous medium with a gradient
parallel to the scroll filament [19]. Similar scroll wave
instabilities have also been reported for the oscillatory
complex Ginzburg-Landau equation, for instance, for the
3D analogue of a core instability reminiscent of meander-
ing in excitable media [20] and for primary and secondary
twist-induced instabilities [21].

In this Letter, we present a study of scroll wave insta-
bilities in the BZ reaction in a closed container. 3D wave
patterns were observed by optical tomography [12,13].
Closer analysis of the imaging data reveals filaments of
flat zigzag shape, characteristic for 3D meandering in a
system with closed boundaries, respectively, zero-flux
boundary conditions [18]. In the long run, the medium
ages and excitability decreases. This leads to a pronounced
bending of the filament and a substantial increase of its
length. Numerical simulations with a generic model
[22,23] show that the zigzag shaped filament in the 3D
meandering region starts to bend and lengthen as the
excitability decreases and the region of negative line ten-
sion is approached. This supports the interpretation of the
experimental results as a succession of two distinct insta-
bilities due to 3D meandering and negative line tension.

Experimental. —A series of experiments was performed
using a BZ reaction in a gel, prepared according to recipe
IX of Ref. [24], which in 2D generates meandering spiral
waves. Their low propagation velocity makes them suitable
for detection by optical tomography [13,24]. The solution
was placed into a cylinder of 21 mm diameter and a height
of 25 mm. A scroll wave with straight filament was ini-
tiated by a partition method [6,13]. To prevent local inhi-
bition by atmospheric oxygen and resulting spatial
gradients [13], the reactor was sealed gas tightly shortly
after creation of the scroll. This wave was observed in an
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FIG. 1 (color online). Tomographic reconstruction of the scroll
wave at 388 min: (a) A stack of six (out of 250) horizontal slices
each of which contains a spiral wave. Isoconcentration surface of
(b) the whole system and (c) the inner cylindrical volume with a
diameter of 10 mm. The scroll wave has a zigzag filament and is
weakly twisted which results in an upward cone shaped isocon-
centration contour associated with three small ripples. The
dimensions of the frames are 21 X 21 X 25 mm?.

optical tomographic setup which acquired 100 2D projec-
tions separated by 1.8° from each other. The resolution was
0.1 mm pixel ! [13] and the temperature was kept constant
at22.0 = 0.1°C.

Examples of the tomographic reconstruction of the
scroll wave are shown in Figs. 1 and 2. The 3D volume
of the sample is divided into 250 horizontal slices, each of
which contains a spiral wave [Fig. 1(a)]. The 3D structure
of the scroll wave can be visualized as an isoconcentration
surface. Such a reconstruction is presented in Figs. 1(b) for
the whole volume while Fig. 1(c) shows the wave front near
the filament.

To study the dynamics of the scroll wave, we estimated
the wave filament for each rotation. We defined the fila-
ment as the line connecting the centers of spiral cores of the
spirals in the 2D horizontal slices [Fig. 1(a)]. The cores, in
turn, are the areas which are not invaded by the waves dur-
ing one revolution of the spirals [2]. To characterize the
dynamics of the filaments (Fig. 3), we have calculated the
ratio of the filament length L to the height of the system L,
(Fig. 4).

The initial scroll wave exhibited a slightly tilted fila-
ment, roughly parallel to the vertical axis. Because of the
initiation procedure, the uppermost part of the filament
curved toward the horizontal. However, after =3 h the
curved segment at the top vanished and the filament
aligned itself approximately to the vertical axis. The rela-
tive filament length shrunk to L/L. =~ 1.2 due to the
positive line tension of the filament.

For 180 < t <400 min, the vertical filament assumed a
zigzag shape, in line with predictions for 3D meander-
ing behavior [18]. Its relative length L/L. oscillated
around =1.2 (Fig. 4). Furthermore, the phase of the upper-
most spiral precedes that of the bottom spiral by an angle of
=~ qr indicating a weakly twisted scroll wave [Fig. 1(a)].
The isoconcentration contour in Figs. 1(b) and 1(c) dis-
plays wiggles, which can be explained by the zigzag shape
of the filament described above.

FIG. 2 (color online). Isoconcentration surface at 520 min:
(a) of the whole system, and the inner cylindrical volumes
with a diameter of (b) 16 mm and (c) 8 mm. The filament has
extended leading to pronounced ripples at the wave front and to a
zigzag shaped filament. Dimensions as in Fig. 1.

In the long time limit (# > 400 min ), the filament has
developed a more pronounced modulation (Fig. 3:
497 min) and its length increased substantially (Fig. 4).
This indicates a negative line tension of the filament.
Figure 2 shows the structure of the scroll wave close to
the end of the experiment. The outermost [Fig. 2(a)] and
inner wave fronts [Figs. 2(b) and 2(c)] now show much
larger variations in the vertical directions reflecting the
associated change of the filament in Fig. 3.

As the reaction ages during the experiment, the system
passes two distinct interesting points. The first occurs at
t = 180 min where the tilted filament becomes vertical,
however, zigzag shaped, hence describing the 3D meander-
ing instability. The second interesting point is reached at
t = 400 min. Here the line tension becomes negative,
leading to a considerable expansion of the filament length.
Thus the experiment shows the occurrence of two distinct
instabilities.

Modeling.—To connect our experimental observations
with theoretical analysis of scroll wave instabilities, we
have modeled the qualitative dynamics of scroll waves
with the Barkley model [22], which reads

Yz Lz ,Z ,Z
193 min 388 min 497 min

FIG. 3 (color online). Temporal development of the scroll
wave filament. After a transient time of 3 h, the wave filament
aligned almost vertically and became zigzag shaped (at 193 and
388 min). At = 193 min the filament is almost straight in the
xz plane while it shows a zigzag in the yz projection. In the long
time limit, however, the filament expanded considerably in the
yz plane (at 497 min). The dimensions of the frames are 12.5 X

25 mm?.
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FIG. 4. Relative filament length L/L, of the scroll wave. In the
first = 180 min, the filament length oscillates and contracts. For
180 < r <400 min, L/L, oscillated around =~ 1.2. Finally, in
the long term limit, L/L. increased substantially. At 340 < ¢ <
370 min, the observation was paused for a contrast enhance-
ment purpose. The interval between two points corresponds to
one rotation of the spiral around the filament.
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Zero-flux boundary conditions on the walls of the box were
employed and a simple Euler-explicit forward integration
scheme was used [23]. For the chosen parameters, a spiral
period is roughly 4 time units while in the experiment
rotation periods vary between 6 and 10 min. We choose
the Barkley model with § = 0 because it is the only model
where a linear stability analysis of straight scrolls has been
performed [18] and simulation results can thus be related to
known instabilities. The scenario reported below is generic
and also appears in other models with decreasing excit-
ability including the Oregonator model with 6 = 0.6 [25].

By linear stability analysis, three instabilities of scroll
waves were found for different values of the excitability
parameter a: 3D meandering, negative line tension, and
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FIG. 6 (color online). Evolution of filament length in simula-
tions of Eq. (1). Parameter a is decreased in equidistant steps of
0.01 from a = 0.68 at t = 0 to @ = 0.56 at r = 1218. The inset
shows the squared amplitude R? of the zigzag filament vs the
distance Aa to the onset of 3D meandering obtained by a
simulation run where a was increased from a = 0.60 to a =
0.68.

sproing [18]. The periodic modulation of the filament
resulting from sproing in general exhibits a smaller wave
number than the initial twist does [18]. In the course of the
experiment, we observe a zigzag shape with 2.5 full rota-
tions in the z direction; however, only a weak twist of
=~ 7 /L, respectively, 0.5 full rotations along the z direction
is found in the initial stage of the experiment (Fig. 1) ruling
out a twist-induced instability as the origin of the zigzag
shape. Hence, we start our simulations with a straight
untwisted scroll with a small perturbation of the form
cos(kz) added and mimic the aging of the solution in the
experiment by a stepwise decrease in the excitability pa-
rameter a. We find a transition from straight scrolls with
linear filaments to 3D meandering scrolls with zigzag
shaped filaments as well as a notable stretching of the

FIG. 5 (color online). Simulation re-
sults for different values of the excita-
bility parameter a, shown are iso-
concentration contours (u = 0.5) and
filament shapes (obtained from the inter-
section of the contours ¥ = 0.5 and v =
a/2 — b). The left and middle panels
show a scroll wave in the 3D meandering
regime, the right panel indicates negative
line tension and increase in filament
length. Parameters: b = 0.01, €=
0.025. The volume of the simulation
box is 25.6 X 25.6 X 26.0. Numerical
parameters: Ax = 0.2 and Ar = 3.75 X
1073,
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filament of the scroll wave upon decrease of a (Fig. 5). For
the reverse simulation protocol (increasing a starting from
zigzag shaped filaments at low values around a = 0.60),
3D meandering disappeared at a- = 0.68, roughly in line
with the value found in [18].

Similar to the experiment we have measured the filament
length in the course of our simulation (Fig. 6). During the
simulation run, the parameter a has been decreased step-
wise from a = 0.68 to a = 0.56. We observe a related
stepwise change of the filament length as a result of the
3D meandering instability. Stable zigzag shaped filaments
with constant length are formed after short transients after
each parameter change. The regular steps disappear below
a = 0.60 leading to more twisted and initially shorter
filaments as well as to irregular oscillations of the filament
length. Finally, the filament length increases substantially
for a = 0.57. This phenomenon appears in close vicinity to
the negative line tension instability of straight scroll waves
found previously at a = 0.565 [18]. Exploiting the back-
ward run from a = 0.60 to a = 0.68 with increasing a, we
also determined the amplitude R of the 3D meandering
instability in dependence on Aa = |a — a.| and found the
expected scaling R? = Aa close to the instability (Fig. 6,
inset).

The simulation results (Figs. 5 and 6) compare qualita-
tively well to the experimental findings (Figs. 1-4). After
the transient, the experimental scroll wave shows initially
clear signs of 3D meandering (¢ = 388 min), i.e., a flat
moving zigzag shaped filament (Fig. 1) with L/L, > 1, but
roughly constant. By contrast, the increase of the filament
length at long times (Fig. 2) is compatible with numerical
simulations in the region of negative line tension (Figs. 5
and 6).

Discussion.—We have reported experiments on scroll
wave dynamics in an excitable chemical medium using the
BZ reaction in an optical tomography setup. Though the
reaction was run in a closed container its aging proceeded
only slowly, allowing for the observation of different re-
gimes of scroll wave dynamics. Image processing was used
to obtain both the isoconcentration surfaces during scroll
wave rotation and the approximate shape and length of the
scroll wave filaments. These data enabled us to distinguish
different characteristic instabilities of straight scroll waves,
namely, 3D meandering connected with a zigzag shaped
filament and negative line tension indicated by a substan-
tial increase in filament length and strong bending. In
parallel, numerical simulations show that upon decrease
of excitability (in the experiment due to ageing of the
solution) a scroll wave indeed can pass from 3D meander-
ing to a strongly nonlinear regime with irregular length
fluctuations and finally substantially increasing filament
length. To summarize, our work shows that optical tomog-

raphy is capable of detecting instabilities of 3D patterns
such as scroll waves. Numerical simulations connect the
experiments to the theory of instabilities of scroll waves
and suggest a direct relevance of the theory to the dynamics
of 3D patterns in the BZ reaction.
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