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ABSTRACT: We study the growth dynamics of Turing patterns in the chlorine
dioxide-iodine-malonic acid reaction-diﬀusion system in response to perturbations with visible light. We describe several mechanisms by which Turing
patterns reappear after they are suppressed by illumination with a disc-shaped
geometry. We observe that under speciﬁc conditions the patterns reorganize
from a random conﬁguration of spots and stripes to a set of ordered, concentric
rings, which we refer to as target Turing patterns. These patterns closely
resemble the unit cells of the Turing hexagonal superlattices known as black eye
patterns. However, these target Turing patterns are not part of a larger
superlattice structure, and they usually have a larger number of concentric rings.
Numerical simulations support the experimental ﬁndings.

■

INTRODUCTION
In 1952 Alan Turing suggested that, under appropriate
conditions, spatially periodic, stationary patterns could form
in nonequilibrium reaction−diﬀusion systems.1 These patterns
are now known as Turing patterns (TP). Turing’s theory
oﬀered a plausible mechanism for morphogenesis. His theory
provides a possible explanation for structures throughout
biology, including the patterns on the coats of leopards, giraﬀes
and zebras,2 and the skin of tropical ﬁsh.3,4 It has even been
proposed that the morphogenesis of labyrinthine patterns in
the human brain may be an example of TP formation.5 TP have
also been found in other ﬁelds; stripe TP have been observed in
gas discharge semiconductor systems6 and in the growth of
semiconductor nanostructures.7 Ecologists have shown that
certain reaction−diﬀusion predator−prey models can give rise
to TP in the distribution of animals.8
Almost 40 years after Turing’s theoretical work, the ﬁrst
experimental evidence of TP was established using the
chlorite−iodide−malonic acid (CIMA) reaction.9 This discovery triggered renewed interest in TP, and since then much
eﬀort has been put into experimental studies of TP.10,11 There
has also been strong interest in applying perturbations of
diﬀerent symmetries to chemical systems to manipulate pattern
formation.12 It has been shown that visible light can be used to
control and manipulate TP in the photosensitive chlorine
dioxide−iodine−malonic acid (CDIMA) reaction.13 In this
reaction, which is a modiﬁed version of the CIMA reaction,
molecular iodine photodissociates in the presence of white
light, and the iodine atoms react quickly with other species in
the CDIMA reaction, reducing chlorine dioxide and oxidizing
iodide ions.14 In the areas exposed to light the patterns lose
their dark color because the concentration of iodide is depleted,
which lowers the concentration of the dark triiodide complex
with starch or polyvinyl alcohol. Chlorine dioxide also plays a
signiﬁcant role in the photosensitivity of the CDIMA
reaction.15
© 2014 American Chemical Society

The photosensitivity of the CDIMA reaction−diﬀusion
system makes it an excellent medium in which to produce
TP with unique geometries. Illumination patterns with
wavelengths that are speciﬁc multiples of the intrinsic
wavelength of the TP have been used to induce hexagonal
and square pattern superlattices in the CDIMA reaction−
diﬀusion system.16−18 Wavenumber-locking of TP under
stripe19,20 and square21 forcing has also been investigated.
Most of these studies focus on the diﬀerent types of stationary
TP; somewhat less attention has been devoted to the growth
dynamics of TP.
Davies et al.22 examined the growth dynamics of TP in the
CDIMA reaction−diﬀusion system after a sudden change in
one of the feeding reagent concentrations. This change was
designed to shift the system from a steady state to a TP
domain. A small silver particle was placed inside the reactor to
control the location at which pattern formation was nucleated.
The patterns initiated at the nucleation point grew outward and
produced “ﬂower-like” patterns or “dividing blobs”. In another
́
study, Miguez
et al.23 investigated the formation of TP in a
system that allows for continuous growth in one direction.
Depending on the growth velocity, they obtained three
diﬀerent conﬁgurations of TP: stripes that are parallel, oblique,
or perpendicular to the growth direction.
It has been demonstrated that novel and unique spatial
temporal patterns can be induced, modiﬁed, and guided in
reaction diﬀusion systems by local perturbation24,25 or by a
feedback mechanism.26 In this work we apply a similar
technique to Turing patterns, and we demonstrate that some
patterns that are unlikely to form spontaneously can be induced
by local perturbation. We study the growth dynamics of Turing
patterns in the CDIMA reaction−diﬀusion system in response
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Figure 1. Regrowth of TP by ﬁngering mechanism after disc-shaped perturbation (diameter, D = 2.7 mm). The size of perturbation is indicated by
the red circle in the second column. Each frame is 5.15 × 5.15 mm. The ﬁrst column shows patterns right before the perturbation, the second
column is immediately after, and remaining columns are then up to 45 min after (numbers above ﬁgures are in minutes). [MA] = 1 mM and [ClO2]
= 0.2 mM. The intensity of the disc-shaped illumination is Idisc = 57.3 mW cm−2.

wavelength of the patterns and to produce images used for the
system illumination.
Materials. Three reagent solutions were fed into the CSTR
by peristaltic pumps (Rainin): (i) a mixture of malonic acid
(MA, Aldrich) and poly(vinyl alcohol) (PVA, Aldrich, average
molecular weight 9000−10000); (ii) I2 (Aldrich, 99.8%); (iii)
ClO2 prepared as described in ref 29. The iodine solution
contained 10% by volume CH3COOH (Fisher Scientiﬁc) to
help dissolve the iodine in the preparation of the solution and
to prevent it from precipitating out when it was fed into the
CSTR. PVA acts as a color indicator and binds triiodide ions. It
slows the diﬀusion of iodide in solution, which is necessary for
Turing pattern formation. The following parameters were ﬁxed
and kept the same in all experiments: [I2] = 0.4 mM, [PVA] =
10 g/L, [H2SO4] = 10 mM. The residence time of the reactants
in the CSTR was 130 s.

to perturbations with visible light. In particular, we describe
diﬀerent mechanisms by which TP reappear after they are
suppressed by illumination with a disc-shaped geometry. Our
studies of the growth dynamics of TP reveal a uniquely shaped
stripe TP. We observe that under certain conditions the pattern
reorganizes after a disc-shaped perturbation from a random
conﬁguration of spots and stripes to a set of ordered, concentric
rings, which we refer to as target TP. The appearance of these
patterns strongly resembles a snapshot of target patterns of
propagating wave fronts.27 However, these patterns do not
propagate; they are stationary in time. The target TP also
closely resemble the unit cells of the Turing hexagonal
superlattices known as black eye patterns.12−14,28 The key
diﬀerences are that target TP are not part of a larger
superlattice structure, and target TP can contain a greater
number of concentric rings, not just one or two. We investigate
the diﬀerent conditions under which target TP can develop in
the CDIMA reaction-diﬀusion system, what factors allow them
to form, and what sizes of target TP can form.

■

EXPERIMENTAL RESULTS
After the reaction was started in our setup, it took several hours
for TP to spontaneously develop and become stationary. When
the pattern became stationary, disc-shaped strong illumination
(Idisc = 57.3 mW cm−2) was applied to a selected area.
Snapshots of patterns were taken right before the perturbation,
immediately after, and then every 1−2 min up to 45−180 min
after the initial perturbation.
To investigate the growth dynamics of TP, we monitored the
system responses to illumination when diﬀerent concentrations
of ClO2 and MA were used. In these experiments the
illumination was applied for 2 min and the system was allowed
to recover for 45 min or more. The concentration of ClO2 was
varied between 0.07 and 0.20 mM and that of MA between 0.5
and 3.0 mM. Selected results of these experiments are shown in
Figures 1−3. Immediately after the perturbation was applied,
the patterns were suppressed in the illuminated area. This area
appears much brighter, because the concentration of the PVA−
triiodide complex in the region decreases due to the depletion
of iodide ions. Generally, within the ﬁrst 10 min after
illumination, the perturbed area began to darken as the iodide
and PVA−triiodide concentrations in this area started to
increase.
One type of growth mechanism that we observed was a
“ﬁngering” mechanism (Figure 1). The patterns elongated at
the edges of the perturbed regions, and ﬁnger-like patterns
spread out and started to ﬁll the space. A similar mechanism
was observed by Davies et al. in the formation of “chemical
ﬂowers”.22 There is a diﬀerence, though; here the patterns grow
inward from the perimeter of the perturbed region toward the
center, as opposed to the “chemical ﬂowers”, which grow
outward from a center.

■

EXPERIMENTAL METHODS
Experimental Setup. The reaction was carried out in a
continuously fed unstirred reactor (CFUR) placed on top of a
continuously fed stirred tank reactor (CSTR).20,21 The volume
of the CSTR compartment was 2.7 mL, and the reaction
mixture in the CSTR was homogenized by three magnetic stir
bars that rotated at a constant speed of 1000 rpm. Pattern
formation took place in the CFUR, which was a 2% agarose gel
(Acros, thickness 0.3 mm, diameter 25 mm). The reagents were
continuously fed into the CSTR compartment. An Anopore
and a cellulose nitrate membrane were placed between the
CSTR and CFUR compartments. The Anopore membrane
(Whatman, pore size 0.2 μm, impregnated with 4% agarose gel,
total thickness of 0.10 mm) separated the CFUR from the
vigorous stirring in the CSTR and gave stiﬀ support to the gel.
The cellulose nitrate membrane (Whatman, pore size 0.45 μm,
thickness 0.12 mm) was placed underneath the gel to increase
the contrast of the patterns. Above the CFUR was an
impermeable optical glass window through which the system
was illuminated. The reactor was placed in a thermostatic bath
to keep the temperature constant at 4.0 ± 0.2 °C.
Grayscale images were projected onto the system using a
projector (Dell 1510X) and a beam splitter (Edmund Optics).
A planoconvex lens was used to focus the projected light on the
surface of the reactor. Images were taken with a CCD camera
(PixeLink, PL-B956), which was controlled by a PC. To
visualize the patterns, the system was illuminated with ambient
light (I = 1.2 mW cm−2) using a 30 W quartz halogen lamp
(Dolan-Jenner, Fiber-Lite Model 190). MATLAB software was
used to calculate 2D Fast Fourier Transforms to evaluate the
2394
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Figure 2. Random growth of TP in response to disc-shaped perturbations (D = 2.7 mm, Idisc = 57.3 mW cm−2). The size of perturbation is indicated
by the red circle in the second column. Each frame is 5.15 × 5.15 mm. The ﬁrst column shows patterns right before perturbation, the second column
is immediately after, and remaining columns are then up to 45 min after (numbers above ﬁgures are in minutes). [MA] = 0.7 mM and [ClO2] = 0.2
mM.

Figure 3. Regrowth of TP in response to disc-shaped perturbations (D = 2.7 mm, Idisc = 57.3 mW cm−2) by both the ﬁngering mechanism and
random growth. The size of perturbation is indicated by the red circle in the second column. Each frame is 5.15 × 5.15 mm. The ﬁrst column shows
patterns right before perturbation, the second column is immediately after, and remaining columns are then up to 45 min after (numbers above
ﬁgures are in minutes). [MA] = 0.7 mM and [ClO2] = 0.1 mM.

Figure 4. Response of the system to disc-shaped perturbations (D = 2.7 mm, Idisc = 57.3 mW cm−2) with diﬀerent intensities of background
illumination. Background illumination: I = (a) 2.1 and (b) 3.0 mW cm−2. The size of the perturbation is indicated by the red circle in the second
column. Each frame is 5.15 × 5.15 mm. The ﬁrst column shows the patterns just before the perturbation, the second column is immediately after,
and remaining columns are then up to 60 min after (numbers above ﬁgures are in minutes). For all rows [MA] = 1 mM and [ClO2] = 0.2 mM.

of the light from the projector and the ambient light source).
When the intensity of the background illumination was below I
= 2.1 mW cm−2, we did not observe any obvious eﬀects on the
ﬁnal pattern after the perturbation or on the regrowth dynamics
of TP. When the intensity of the background illumination
reached or exceeded about 3 mW cm−2, we observed that the
ﬁnal pattern had a diﬀerent spatial arrangement compared to
the original pattern. Figure 4a shows snapshots of TP that
consist of mixtures of stripes and spots under weak intensity
background illumination (I = 2.1 mW cm−2). Both before and
after the perturbation the TP remained as mostly spots with a
few stripes. In Figure 4b with stronger background illumination
(I = 3.0 mW cm−2), the spatial arrangement of the pattern 1 h
after the perturbation was visually diﬀerent from the original
pattern and consisted of mostly stripes and just a few spots.

We also observed the growth of patterns from random points
in the perturbed area (Figure 2). We refer to this mechanism as
“random growth”. In most cases, the patterns grew back
through a combination of both mechanisms. Fingers began to
grow from the edges of the perturbed region, followed by the
center of the space being ﬁlled by patterns resulting from
random growth, as shown in Figure 3.
We noticed that exposure to ambient light of increased
intensity from the 30 W quartz halogen lamp used to visualize
the patterns aﬀected the system regrowth dynamics. Therefore,
we further examined the eﬀect of background illumination
intensity on the regrowth dynamics of TP by allowing the
suppressed areas to recover under weak illumination (Figure 4).
The intensity of the background illumination ranged from I =
1.2 to I = 5.4 mW cm−2 (values of intensity given include that
2395
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Figure 5. Regrowth of TP after suppression as a function of background illumination intensity. The patterns recovered in light with an intensity of I
= (a) 1.2, (b) 3.0, (c) 4.6, and (d) 5.4 mW cm−2. The strong disc-shaped illumination (D = 2.7 mm, Idisc = 57.3 mW cm−2, indicated by the red
circles in the second column) was applied for 10 min. Each frame is 5.15 × 5.15 mm. The ﬁrst column shows patterns right before the perturbation,
the second right after, and remaining columns are then up to 60 min after (numbers above ﬁgures are in minutes). For all rows, [ClO2] = 0.07 mM
and [MA] = 1 mM.

Even when the ﬁnal pattern had a diﬀerent appearance than the
pattern before the perturbation, the initial and ﬁnal wavelengths
were not signiﬁcantly diﬀerent (the largest observed diﬀerence
was 0.04 mm, which is about 10% of the pattern wavelength).
When the strong disc-shaped illumination was applied for a
longer period of time and the system was allowed to recover in
background illumination of suﬃciently high intensity, we
observed the formation of a stripe pattern that formed in an
ordered structure of concentric rings, which we refer to as
target TP (Figure 5). When pattern recovery took place under
low intensity background illumination (I = 1.2 mW cm−2), a
typical labyrinthine TP was produced from the edges of the
suppressed area via the ﬁngering mechanism, and no target TP
were obtained. In Figure 5b with background illumination of I
= 3.0 mW cm−2, patterns formed as ﬁngers moving inward from
the edges of the perturbed area, while at the same time patterns
grew outward from the center, similar to the chemical ﬂowers
observed by Davies et al.22 With stronger background
illumination (Figure 5c,d), target TP formed from the center
of the suppressed area. We conclude that the intensity of the
background illumination has an eﬀect on whether or not
patterns form from the edges or center of the perturbed area,
and that higher intensity background illumination supports the
formation of target TP.
The duration of the strong disc-shaped illumination aﬀected
whether or not the patterns reorganized into target TP. Figure
6 shows two diﬀerent experiments we carried out in which discs
of light were applied for 2 and 10 min. Target TP failed to
develop if the illumination was applied for only 2 min. The
patterns only reorganized into target TP with illumination that
lasted for 10 min or more. We also noticed that with longer

Figure 6. Eﬀect of duration of illumination on the growth of TP. The
disc-shaped illumination (D = 2.7 mm, Idisc = 57.3 mW cm−2) in (a) is
applied for 2 min and (b) 10 min. The size of the perturbation is
indicated by the red circles in the second column. Each frame is 5.15 ×
5.15 mm. The ﬁrst column shows patterns right before perturbation,
the second right after, and the third is 60 min after (numbers above
ﬁgures are in minutes). For all rows, [ClO2] = 0.07 mM and [MA] = 1
mM. The intensity of the background illumination is I = 5.4 mW cm−2.

illumination a dark spot would form in the center of the
perturbed area (Figure 6b). It appears that the dark spot that
forms after suppression of patterns using strong illumination
plays an important role in the formation of target TP.
To better understand how the dark spot forms in the center,
we applied strong disc-shaped illumination for 10 min and
2396
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surrounded by a white ring formed in the center of the
perturbed region (Figure 7c). With [ClO2] = 0.05 mM, the
pattern was only partially suppressed after 10 min of
illumination, and a dark disc where the pattern was partially
suppressed appeared in the center of the perturbed region
surrounded by a white ring (Figure 7d). The dark disc in the
center of the perturbed region had a higher iodide
concentration than the surrounding white region, meaning
that the iodide was not fully consumed by light in this area.
When the concentration of ClO2 was 0.05 mM and below, the
system became much less photosensitive, and TP were not
completely suppressed by light. These observations conﬁrm
that chlorine dioxide plays an important role in the photosensitivity of the CDIMA reaction.
We further investigated the role of the size of illumination on
the target TP formation. Discs of illumination with diameters of
D = 1.9, 2.7, and 4.1 mm all yielded target TP with few defects
(Figure 8). Target TP formed faster the smaller the disc size. In
the experiment shown in Figure 8, the target TP that formed in
response to a disc of light with D = 1.9 mm (Figure 8a) was
fully formed around 40 min after the initial perturbation,
whereas the target TP that formed in response to a
perturbation with D = 4.1 mm (Figure 8c) took almost 3 h
to form. Furthermore, target TP appear to be stable for a
certain period of time after formation. The target TP in Figure
8a was stable at least 50 min after its formation, looking at the
pattern 40 and 90 min after the perturbation.
We observed that the larger the size of the perturbation, the
larger the number of concentric rings. The smallest target TP
shown in Figure 8a formed in response to illumination by a disc
of light with a diameter of D = 1.9 mm and only had two rings.
This target TP is the same as a unit cell of the double black eye
pattern.16 The largest target TP, shown in Figure 8c, had four
rings with a white spot in the center of the pattern. The number
of concentric rings seen here is more than that observed in the
unit cells of the black eye patterns that have been created to
date. The wavelength of the target TP was always close to that
of the original TP.

observed how the illuminated pattern and suppressed area
changed during the illumination. Several experiments were
carried out with diﬀerent concentrations of ClO2: [ClO2] =
0.05, 0.07, 0.10, 0.14, 0.20 mM. For [ClO2] = 0.10−0.20 mM,
we observed that as we increased the time for which the
perturbation was applied, the region where the patterns were
suppressed became larger (Figure 7a,b). After 5 min of

■

NUMERICAL SIMULATIONS AND RESULTS
We employed the Lengyel−Epstein30 model with the inﬂuence
of light incorporated as an additive term:14

Figure 7. Pattern suppression with discs of light (D = 2.7 mm, Idisc =
57.3 mW cm−2) for concentrations of ClO2: (a) 0.20, (b) 0.10, (c)
0.07, (d) 0.05 mM. The size of the perturbation is indicated by the red
circles in each frame. Each frame is 5.15 × 5.15 mm. Perturbations
were applied for 10 min. The ﬁrst column shows patterns right before
perturbation, the second is after 5 min of applying the perturbation,
and the third is after 10 min of applying the perturbation (numbers
above ﬁgures are in minutes). For all rows, [MA] = 1 mM.

∂u
uv
=a−u−4
− w(x ,y) + ∇2 u
∂t
1 + u2
⎡ ⎛
⎤
⎞
∂v
uv
= σ ⎢b ⎜u −
+ w(x ,y)⎟ + d∇2 v ⎥
2
⎝
⎠
⎣
⎦
∂t
1+u

perturbation, the pattern was also suppressed in an area
outside the perimeter where the perturbation was applied. This
area of suppressed TP increased slightly with time (Figure
7a,b). Initially, the light consumed iodide in the area where the
perturbation was applied, depleting the concentration of the
dark-colored PVA−triiodide complex and giving the area a
white color. Over time, free iodide ions diﬀused in from the
edges the illuminated disc . This depleted the concentration of
iodide in the region immediately surrounding the boundaries of
illumination, and the area of suppression began to grow. There
was no dark spot observed in the center for this range of ClO2
concentration.
The dark spot in the middle of the illuminated area only
formed when [ClO2] = 0.05−0.07 mM. With [ClO2] = 0.07
mM, after 10 min of applying the perturbation, a dark disc

(1)

Here u and v are the dimensionless concentrations of I− and
ClO2− ions, respectively; a, b, d, and σ are dimensionless
parameters. The eﬀect of illumination is included through the
term w(x,y), which is proportional to the rate of the
photochemical reaction that produces ClO2− and consumes
I−. The ﬁxed parameters used here are a = 12, d = 1, and σ =
50. For b in the range 0.32−0.34, labyrinthine TP similar to
those seen in our experiments are obtained.
The model equations were solved numerically by using the
software package COMSOL Multiphysics 4.2a. An implicit
backward diﬀerentiation formula was used for integration, and
zero-ﬂux boundary conditions were utilized along the square
boundaries of the system. Random initial concentrations were
chosen for one of the variables, and a stationary labyrinthine
2397

dx.doi.org/10.1021/jp500432t | J. Phys. Chem. A 2014, 118, 2393−2400

The Journal of Physical Chemistry A

Article

Figure 8. Eﬀect of size of disc-shaped illumination on formation of target TP. The disc-shaped perturbations had diameters of D = (a) 1.9, (b) 2.7,
and (c) 4.1 mm. The size of the disc is indicated by the red circles in the second column. The ﬁrst column shows patterns right before perturbation,
the second right after (number in the bottom right corner of each frame is the time in minutes). For all rows, [ClO2] = 0.07 mM and [MA] = 1 mM.
The initial perturbation was for 10 min. The intensity of the background illumination is I = 5.4 mW cm−2. Frames are 4.7 × 4.7 mm.

“illuminated” disc domain was varied. When the size of the disc
perturbation is smaller (D = 60 space units (s.u.), Figure 9a), a
target TP appears only as a transient but eventually disappears
and is replaced by a labyrinthine structure. The dimensionless
time units after rescaling roughly correspond to the time in
seconds whereas about 100 dimensionless space units
correspond to 1 cm.31 Further simulations revealed that when
the diameter of the disc perturbation is larger than 60 s.u. then
the target TP is a stationary solution of a recovered TP (Figure
9bc).
We further performed numerical simulations to study the
eﬀect of duration of illumination. Figure 10 shows snapshots of

pattern without illumination (w = 0) was used in further
simulations as new initial conditions. These initial conditions
correspond to the experimental snapshots labeled as “Before”
perturbation.
To mimic our experiments, we set w = 1 inside a circular
domain (Figure 9). The disc perturbation was applied for at
least 100 time units (t.u.), which is long enough to suppress any
pattern in the “illuminated” area. Then the perturbation was
turned oﬀ (w = 0) and TP were allowed to recover. Figure 9
shows two examples of patterns obtained when the size of the

Figure 10. Eﬀect of the duration of perturbation on the formation of
target TP, b = 0.33 and w = 1. Disc diameter: D = 60 s.u. The snapshot
on the left shows the initial conditions, the patterns after 100 and 500
t.u. of perturbation are shown in the middle, and the last column
shows patterns after 5000 t.u. of recovery. Frames are 100 s.u. × 100
s.u.
Figure 9. Target TP in the CDIMA model. Eﬀect of size of the discshaped perturbation on the formation of target TP, b = 0.32 and w = 1.
The disc-shaped perturbation is designated in the snapshots by the
white circles; disc diameters: (a) D = 60 s.u.; (b) D = 80 s.u. The ﬁrst
column shows initial conditions, the second column the pattern right
after 100 t.u. of perturbation, the third column after 500 t.u. of
recovery, and the last column after 5000 t.u. of recovery. Frames are
100 × 100 s.u. (c) Proﬁles of dimensionless iodide concentration (uvariable) across the center of the reaction domain for the ﬁrst three
images shown in (b).

patterns that recovered after perturbations that lasted 100 and
1000 t.u. Whereas for the shorter duration of perturbation only
a short-lived target TP was obtained (similar to Figure 9a, third
column), the longer duration of perturbation resulted in a
stationary target TP.
2398
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DISCUSSION AND CONCLUSIONS
Our experiments reveal that formation of target TP is favored
when the concentration of chlorine dioxide and the length of
the disc illumination are appropriately selected so that a dark
disc with high PVA−triiodide concentration forms in the center
of the perturbed area surrounded by a thick white ring.
Additionally, for the chosen reactant concentrations the
formation of target TP requires the presence of a certain
level of background illumination during the recovery of the TP,
as illustrated by Figure 5. Examining the response to one of the
larger perturbations with a diameter of D = 4.1 mm in Figure
8c, after several minutes of recovery in background illumination
the central dark spot began to lighten, meaning some of the
iodide was being depleted from the region, and a thin, dark ring
of higher iodide concentration formed around the lighter area
in the center. This process appeared to repeat on a smaller scale
until concentric rings were formed. In the case of the
perturbation with D = 1.9 mm shown in Figure 8a, a similar
mechanism seemed to occur, except that a black spot formed in
the center of the target TP.
Utilizing a simple two-variable model (eq 1), our numerical
simulations conﬁrmed the formation of stable target TP for disc
perturbations with diameters larger than 60 s.u., whereas for
smaller discs only transient target TP were obtained, and these
patterns were eventually replaced by a labyrinthine structure.
The simulations also reproduced well the general trend for the
eﬀect of duration of perturbation on the formation of the target
TP. The longer the duration of perturbation, the better the
chance that target TP will form.
The likely explanation of these results is that the initial
conditions produced by the illumination play a signiﬁcant role
in the formation of target TP. This formation is triggered by the
pattern that forms at the boundary between the illuminated and
nonilluminated regions. The illumination inside the disc
domain is strong enough to suppress patterns inside that
region. Meanwhile, the pattern outside the illuminated region
rearranges during the illumination, taking the form of one or
more concentric rings outside the boundary of illumination
(Figure 10). If the concentric rings are well-developed outside
the illuminated boundary, when the illumination is turned oﬀ,
the target TP become stationary. However, if the concentric
rings are not fully developed, then small noise and tiny
heterogeneities in the gel will introduce defects in the
concentric rings, and these defects will gradually lead to a
random labyrinthine pattern.
The model based on the two-variable Lengyel−Epstein
scheme of the CDIMA reaction gives qualitative agreement
with the experimental results. However, some details of the
growth dynamics are not entirely reproduced by this model.
For example, the ﬁngering mechanism and the dark spot with
high iodide concentration in the center of illumination have not
been obtained using this model. This is likely due to the
oversimpliﬁcation of the two-variable model of the CDIMA
reaction. As we have shown in previous work,15 the
photosensitivity of the CDIMA reaction depends on [ClO2],
and this concentration becomes a variable in the presence of
strong enough illumination. At low [ClO2] the system is less
photosensitive, and strong illumination can result in an increase
of iodide and a dark region produced in the center of
illuminated region.
Target TP were also obtained in numerical simulations of a
system under local feedback.32 The local feedback can change

the local and global dynamical behavior of the system and
reorient Turing patterns. Our work demonstrates in both
experiments and numerical simulations that target TP can be
produced in an unforced system when appropriate initial
conditions are created. The results of this study also support
the idea that the rearrangement and reorientation of Turing
patterns observed in nature can be achieved and controlled by
proper spatial-temporal perturbations of the system.
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