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Convolution representation manifests itself as an important tool in the reduction of partial differential equations. In this study, we
consider the convolution representation of traveling pulses in reaction-diffusion systems. Under the adiabatic approximation of
inhibitor, a two-component reaction-diffusion system is reduced to a one-component reaction-diffusion equation with a
convolution term. To find the traveling speed in a reaction-diffusion system with a global coupling term, the stability of the
standing pulse and the relation between traveling speed and bifurcation parameter are examined. Additionally, we consider the
traveling pulses in the kernel-based Turing model. The stability of the spatially homogeneous state and most unstable wave
number are examined. The practical utilities of the convolution representation of reaction-diffusion systems are discussed.

1. Introduction

Many phenomena are described by mathematical and physical
models, including traffic flow, stripe of dune, bubble in the
granular medium, and plasma flow [1-5]. Among these
phenomena, spatio-temporal patterning is one of the attrac-
tive topics in the field of nonlinear physics. To describe these
patterns by a simple mathematical model, many reaction dif-
fusion (RD) systems have been proposed. In pattern formation
in RD systems, the Turing instability is a key concept; the
difference in diffusion rates of the activator and inhibitor leads
to lateral inhibition. The Turing pattern is caused by lateral
inhibition around the excited region: short-range activation
and long-range inhibition [6]. Recently, the reduction of a
two-component RD system to a one-component RD equation
with a convolution term has been considered. Considering
that the system converges to a stationary state, the inhibitor
is expressed in the form of convolution using the activator.
The convolution representation using a weight function, called
a kernel, has a nonlocal effect on the activator. A Mexican-hat-
type function is often used as a kernel [7-9]. The Mexican-hat-
type kernel creates a suppressive region far from the central
enhanced region, which imitates the lateral inhibition around

the excited region, resulting in pattern formation [10]. In the
1970s, the convolution term was introduced in the time evolu-
tion equation of the membrane potential in a neural model
[11]. This term caused a nonlocal effect on the membrane
potential via the neighbour cells in the network. To choose
adequate parameters in a model, the traveling wave was calcu-
lated self-consistently. Inspired by this study, traveling waves
in a neural network have been considered [12, 13].

Among many Turing patterns in nature, the pigmenta-
tion on the skin of zebrafish has been well-reported
[14-17]. Fish pigmentation shows many patterns such as
spot, stripe, and labyrinth. Critical pigment cells are yellow
and black, which form interaction networks, resulting in
Turing patterns. This pattern formation has been modeled
using a multicomponent RD system. Given the variety of
patterns found on the skin of zebrafish, the dependence of
pattern formation on the kernel function was studied
recently [18]. The multicomponent RD system was reduced
to a single-component activator equation with a convolution
term, called as kernel-based Turing model (KT model). The
Mexican-hat-type kernel composed of two Gaussian func-
tions with reverse sign was employed. Generally, patterns
are sensitive to the shape of a kernel; amplitude, width,


https://orcid.org/0000-0002-0639-5985
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/1410642

distance between centers of a source, and the peak position
of the distribution. Therefore, variations in observed pat-
terns in nature are due to variations in the kernel. Addition-
ally, we can predict spatial patterns in two dimensions by
using the KT model. That is, we first obtain the most unsta-
ble mode (wave number) and the corresponding eigenvalues
through linear stability analysis. Considering this informa-
tion in the kernel, we can predict what pattern will occur
when the spatially homogeneous state becomes unstable
[19]. From these perspectives, the KT model is expected to
be a promising equation for pattern formation. Generally,
the KT model is valid when the system converges to a sta-
tionary state; transient patterns cannot be described by the
KT model.

Aside from the static stationary patterns, many tempo-
rally changing patterns exist: stripe patterns in nematic
liquid crystal, traveling band in colloidal suspension, travel-
ing waves in shallow-water, and fluidized granular media
[20-24]. Although these dynamical patterns were modeled
and analyzed by many mathematical methods, not many
studies focused on the traveling waves in the RD equation
using the kernel function [25-28]. The interaction of travel-
ing pulses and fronts in one dimension described by convo-
lution representation was studied [29]. The interaction
between two adjacent waves decayed exponentially with an
increase in the distance between them. Although the asymp-
totic behavior of interacting traveling waves was considered,
an explicit traveling wave solution using convolution repre-
sentation was not given. Stationary traveling waves in one
and two dimensions have been observed in experiments
[30-32], traveling waves in the RD equation with the convo-
lution representation should be investigated.

In this study, we consider the procedure to transform
traveling pulses in RD systems into convolution representa-
tion, employing a mathematically tractable RD system.
Accordingly, we consider two types of RD systems. The first
one is a one-dimensional RD system with a global coupling
term. An experimental setup corresponding to the global
coupling term has been considered: the current filaments
in gas-discharge and p-n-p-n diode systems and the chemi-
cal reaction on catalytic ribbon surface. In electric circuit
systems, although the current filament distributes on the
electrode, the total current is feedback-controlled [33, 34].
Similarly, in the chemical reaction on the catalytic ribbon,
the spatial average temperature of the surface is kept
constant [35]. These feedback controls are modeled by
space-averaged terms called global couplings. Although the
stability of standing pulse in these systems has been studied,
the properties of traveling pulse solutions have not been
clarified yet. For the second RD system, we consider a usual
two-component RD system with cubic nonlinearity. We
derive the KT model from this system and consider localized
pulses from the perspective of Turing instability. The
remainder of this paper is organized as follows. In Section
2, we introduce an RD system with a global coupling term.
We consider the stability of the standing pulse solution
and show the relation between the traveling speed and bifur-
cation parameter. Using these results, we demonstrate the
choice of an adequate speed in the kernel representation of
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traveling pulse. In Section 5, we consider pulse solutions in
the KT model. To confirm the validity of numerical simula-
tions, the stability of the spatially homogeneous solution is
examined. Finally, the application of our study to experi-
ments and further extensions is discussed in Section 8.

2. RD System with Global Coupling

We first introduce a two-component RD system with a
global coupling term in one dimension [36]. Activator u
and inhibitor v satisfy the following time evolution equa-
tions:

where

flu,v)=H(u—-a)—u-v,

g(u,v)=u—uv, 2)

a:a0+a(J(u+v)dx—so>,

where H(x) is the step function satisfying H(x) =1 for x>0
and H(x)=0 for x<0. We choose ¢ and a, such that
0 <e <« 1and 0 <a,<1/2, respectively. 7, y, and s, are posi-
tive constants. When the magnitude of global coupling « =0,
a is a constant, a,, and the RD system (1) is a local coupling
system, called the McKean model. By contrast, when a > 0,
the RD system (1) is a global coupling system; when « is
large, the second term of a controls such that the width of
excited region is s, in the limit e — 0.

Let us briefly summarize the solution of the RD system
(1) [37]. First, we consider the case & =0. When 7 is large,
there is a stationary pulse solution, the standing pulse.
Although the pulse has left and right interfaces in the limit
e — 0, these interfaces become a transition layer (inner
layer) with a width O(e) for finite &(«1). On decreasing 7,
the standing pulse is destabilized through the oscillatory
bifurcation; the interfaces oscillate symmetrically with
respect to the center of the pulse (breathing motion). On
decreasing 7 further, the pulse is secondarily destabilized
through the translational bifurcation, resulting in the travel-
ing pulse. The velocity of the traveling pulse increases as
decreasing 7. By contrast, when « >0, on decreasing 7, the
standing pulse is primarily destabilized through the transla-
tional bifurcation; the oscillatory bifurcation is suppressed
strongly for large «. The global coupling term in the defini-
tion of a suggests the strict restriction of [(u+v)dx~s,
for large a. This condition prohibits the breathing motion
of the interface, and the translational bifurcation occurs pri-
marily on decreasing 7.



Advances in Mathematical Physics

3. Convolution Representation of the
RD System

For smaller 7, the RD system (1) has traveling pulse solu-
tions. We consider the convolution representation of the
stationary traveling pulse solution of the RD system (1). In
the moving coordinate z = x — ct, where ¢(>0) is a traveling
speed, the time evolution equations of u(z, t) and v(z, t) are

Tsau—szazu+rsc +H(u-a)-u-v
ot 022 0 ( ) ’
(3)
ov 82v+ av+u_
ot 022 ‘3 K-

In the interval [-L, L], the stationary solution of v in the
system (3), subject to periodic boundary conditions, is given
in the form of cyclic convolution. The detailed derivation is
given in Appendix A, and the final expression is

1 1
V&) = 3%, —A) sink (A.L) sinh (1L

X U {e)”(Z"L'y) sinh (A_L) — ") sinh (A+L)}u(y)dy
-L
L
+ J {eM”L'J’) sinh (A_L) — "1 sinh ()LrL)}u(y)dy} ,
(4)

where A,=(—c* \/c? + 4u)/2. Using Equation (4), the time
evolution of u(z, t) is

. 8u_ 282u+T 6u+H
Eg =€ 5y +TeC (u—a)-u-v )
o*u u
:szﬁ+'[ec$+H(u—a)—u—]*u(z),

where ] corresponds to a kernel and the cyclic convolution
J = u(z) is defined as

J # u(z) = J,L](Z -y)u(y)dy, (6)

1 1
~ 2(A, —A_)sinh (A, L) sinh (A_L)
et @0 sinh (A1) - 7 1) inh (A, 1) },

(7)

where sgn is a sign function, satisfying sgn (x) =1 for x>0
and -1 for x <0. For sufficiently large L with c=0, kernel
Equation (7) is approximately ] ~exp (—/f|z|)/2\/pi, the
kernel for diffusion. When ¢=0 with g =1, we note that
Equation (7) recovers the results in ref. [38]. Equation (5)
yields a time evolution of u(z, t) for a given initial condition
u(z,t=0) until u(z, t) converges to a stationary solution; it

is valid for given ¢, 7, and «, for which the RD system (3)
has a stationary traveling pulse. Unlike the Korteweg-de
Vries (KdV) equation [39], traveling speed ¢ is not arbitrary.
To find the adequate value of ¢ for given T and &, we perform
stability analysis of the standing pulse in the RD system (1).

4. Stability Analysis Using a Singular
Perturbation Method

For the RD system (1), the stability of the standing pulse is
examined using the singular perturbation method [37, 40].
The exponential growth of perturbation to the standing
pulse solution (7, 7(x)) is determined by the roots of
F,(z) =0. Here, I=2y, is the standing pulse width, and
v(x) is a stationary solution, symmetric with respect to
x =0, of the RD system (1) in the limit ¢ — 0. The brief
derivation of the stability formula F,(z) is given in
Appendix B, and the final expression is

AL (e
Fu(e) = Z+T<z¢m<l e

(8)
(1 ie_z\/m’h) +(1+ l)zx).

1
- 2y/z+pu+1

In the derivation of Equation (8), we assumed that
perturbations were supplied to the stationary position,
and the left and right interface positions were shifted as
L(t)=-n,+&(t) and L(t) =#,+&,(t), respectively. We
consider two modes of perturbation: the symmetric per-
turbation with respect to the center of the pulse —&, =
&, =& and antisymmetric one &, =&, =& F, and F_ corre-
spond to the symmetric and antisymmetric cases, respec-
tively. We observe that F_(0)=0, which corresponds to
the translational invariance. When F_(z) is degenerated
at z=0, that is,

F_(0)= ——2 =0, (9)

the standing pulse is destabilized through the translational
bifurcation; condition (9) gives 7, as

7= (e )7 (1= e 2VE ) 2 Te VR,
(10)

Meanwhile, when F_(z) =0 has a pair of the imaginary
solutions +ik with real number k, the standing pulse is desta-
bilized through the oscillatory bifurcation; interfaces oscillate
symmetrically with respect to the center of the pulse. This
condition gives 7,, which is given by the solution

F, (ik) = 0. (11)

Using these formula, we consider the dependence of
bifurcation of standing pulse on 7 and « in Section 7.



5. Traveling Pulse Solution of the KT Model

In the above discussion, we considered the convolution rep-
resentation of traveling pulse in an RD system where the
inhibitor was expressed by using kernel integral in the
stationary state. By contrast, there is another type of RD
equation with convolution representation: the KT model.
The Mexican-hat-type kernel is employed in this model.

Let us consider the following RD system with a cubic
nonlinear function in the activator:

2
sg—;‘ 282% +f(u,v),
(12)
ov v

3 o IV
where

F(uov) = u(1 - ) (u-ag) - v,

(13)
g, v)=u—pv,

where g, is a constant in the range 0 < g, < 1. We consider
the stationary pulse solutions in the interval [-L, L] under
periodic boundary conditions. We use the Mexican-hat-
type kernel, which causes the activation in the short range
while suppressing it in the long range.

To consider the traveling pulse, we introduce the moving
coordinate z = x — ct, where c is a traveling speed. Following
a similar procedure as in Section 3, the RD equation with a
convolution term, the KT model, is proposed

2
ou _ ,0u sc%+u(1—”)(“_“0)+1*”(z)’ (14)

ot % a2 5%

where

Jeu@)= Je-puo)dy (15)

with kernel |

1 1
2d,(A, —A_)sinh (A,L) sinh (A_L)
X {eMZ’Sg“ @1 sinh (A_L) — &7 (1) sinh (/\+L)}
_ 1 1
2d, <X+ - X?) sinh <X+L) sinh (X?L)
X {eh(z_sg" (@)L) sinh (X?L) — eM-(Esen (A1) ginh <X+L) },

(16)

J(2)=

where A, = [~(c/d,) £ \/ (c/d,)? + 4(u/d,)]/2 and A, = [~(c/

dy) + 1/ (cldy)? +4(uld,)]/2. When ¢=0, Equation (16)

recovers the kernel of a standing pulse in ref. [38]. To make
the Mexican-hat-type kernel, we assume that d, =1 and d, is
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under condition d, < d,. The KT model (14) is the time evo-
lution equation of u(z, t) with an initial condition u(z, t = 0),
which is valid until u(z, t) converges to a stationary solution.
In the KT model, parameters d,, d,, and ¢ are not restricted,
except for condition d, < d,.

In Section 3, Equation (6) represents stationary solution
of v(z), and Equation (7) corresponds to its kernel, which is
composed of a single term. By contrast, in the KT model, the
kernel Equation (16) is composed of two similar terms
with the reverse sign. Because d, >d,, the second term
of Equation (16) operates suppressively on u far from
the center of the pulse. For a larger d,, a suppressive
region of the kernel is wider.

6. Linear Stability of the Homogeneous
Solution of the KT Model

In this section, we consider the Turing instability in a
two-component RD system (12). There is a spatially
homogeneous solution of the RD system (12); u=v=0.
The KT model corresponding to the RD system (12) is
proposed as

ou ,0u

e— =t +
ot o0x?

h(u), (17)
where

h(u) =u(l —u)(u—ay) +v(u) =u(l —u)(u—-ay) +J * u(x),
(18)

and J is given by Equation (16) with ¢=0.

We consider the pulse solution of the KT model (17) in
the interval [-L, L] under periodic boundary conditions. To
clarify the mechanism of the pulse solution occurrence in
the KT model (17), we consider the linear stability of the
spatially homogeneous solution. The growth rate of instabil-
ity is obtained through linear stability analysis. A brief deri-
vation is given in Appendix D, and the eigenvalue is

1 k' ?
A:J—(%) +2L]k—a0], (19)

where J is

1 1

Je=ar " am, - i(kn/L))(A_ — i(kn/L))

(20)

1
+ >

d, (L - i(kn/L)) (X_ - i(kr[/L))

and k represents the wave number that takes the values of
0,+1,+2,---. A, and A, are given in Section 5. Although
the above eigenvalue is derived for the stationary state with
¢ =0, the formulation is valid in the moving coordinate sys-
tem with finite ¢. The linear stability analysis of the spatially
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FIGURE 1: Profiles of the pulse in the RD system (1) under periodic boundary conditions. Solid and dashed curves represent u and v,
respectively. L =50. (a) Standing pulse. 7=0.4 and a=0. (b) Standing pulse. 7=0.4, a =3, and s, = 1.4. (c) Traveling pulse. 7=0.1 and

a=0. (d) Traveling pulse. 7=0.1, «=3, and s, = 1.4.

homogeneous solution in the two-component RD system
was considered in refs. [6, 7]. The eigenvalue was given by
a quadratic function in terms of k* resulting from the diffu-
sion terms of the activator and inhibitor in the system. By
contrast, in the stability analysis of the KT model, the diffu-
sion of the inhibitor is considered in the kernel function.
This results in a different expression of an eigenvalue. Using
this formula, we consider the validity of the pulse solutions
in the KT model in Section 7.

7. Numerical Results

In this section, we consider the numerical results. In the
calculation of the RD system (1), the time evolution of u
using kernel representation Equations (5) and (14), we fix
e=5%1072, a,=0.275, u=0.3, and d, =1 and choose dif-
ferences Ax=1x 1072 and At =5 x 107, The calculation of
spatial direction is performed using an implicit method,
Crank-Nicolson method, under periodic boundary condi-
tions. Here, x is in the range of x € [-L, L].

We first show the profiles of u and v of the stationary
pulses in the RD system (1) in Figure 1. The standing pulse

is symmetric with respect to x =0 and remains in the same
position. Although the standing pulse is stable for large T,
it is destabilized through the translational bifurcation on
decreasing 7. The traveling pulse moves to the right direc-
tion with a constant speed. The traveling speed and pulse
width are determined self-consistently in the RD system (1).

To consider the stability of the stationary standing pulse,
we show the dependence of the pulse width on a [37].
We consider the symmetric standing pulse with respect
to x =0, the position of interface is x = +#,, and the pulse
width [ = 2#,. There are two cases depending on s, as shown
in Figure 2. When a =0, #, = #j,, on increasing &, #,, changes
and converges to #;. The stability of the standing pulse is
calculated using F,. The result is shown in Figure 3. When
a =0, the standing pulse is first destabilized through the
oscillatory bifurcation on decreasing 7. By contrast, for large
finite values of «, the oscillatory bifurcation is suppressed,
and the standing pulse is first destabilized through the trans-
lational bifurcation on decreasing 7. The suppression of the
oscillatory bifurcation by global coupling results from the
conservation of the pulse width. Under strong global cou-
pling, although the deviation of the pulse width is strictly
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FIGURE 2: #],-« relation of a standing pulse of the RD system (1). (a) s, =0.5. (b) 5, = 1.4.
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Fi1GURE 3: Bifurcation diagrams of a standing pulse. The data are obtained by the singular perturbation method in the limit e — 0. Solid and
dashed curves represent 7, and 7,, respectively. (a) s, = 0.5. (b) 5, = 1.4.

prohibited, the translational motion with the same width is
allowed. We briefly summarize the stability of the standing
pulse solution of the RD system (1). When « = 0, the RD sys-
tem (1) is a local coupling system, and standing pulse solu-
tions exist for large 7. On decreasing 7, the standing pulse
solutions are destabilized through the oscillatory bifurcation,
and the interfaces oscillate (breathing motion). On decreas-
ing 7 further, the standing pulses with breathing motion
bifurcate secondarily to traveling pulse solutions. By contrast,
when « >0, the RD system (1) is a global coupling system.
Although standing pulse solutions exist for large 7, the
standing pulse is destabilized through a translational bifurca-
tion on decreasing T because the oscillatory bifurcation is
suppressed. Thus, the traveling pulses primarily occur on
decreasing 7.

Although the traveling speed of the soliton solution of
the KdV equation is an arbitrary parameter, that of the RD
system is determined self-consistently. To obtain a station-
ary traveling pulse solution by using Equation (5), it is nec-

essary to choose an adequate value of ¢ for given 7 and a.
Accordingly, we first consider the dependences of velocity
con 7 and /, where [ is defined as the interval of two inter-
faces in the limit ¢ — 0. The relation between ¢, 7, and /
is calculated self-consistently by using C(v;,a) (given by
Equation (B.1)), where v, represents v(z) evaluated at inter-
face positions z = z,. The brief derivation of v(z) is given in
Appendix C. The dependence of ¢ on 7 is shown in
Figure 4(a). For a =0, the traveling pulse appears subcriti-
cally at 7.~ 0.2072; the traveling pulse appears suddenly
with a finite value of ¢, which increases with decreasing t
[41-44]. By contrast, for a« =3 with s, =1.4, the traveling
pulse appears supercritically at 7, ~0.312 with ¢=0. The
dependence of ¢ on [ is shown in Figure 4(b). For a =0,
¢ increases with increasing I. By contrast, for a«=3, ¢
increases in small range of I, which is almost constant.
This property results from the strong global coupling in
the RD system (1); the oscillatory instability is suppressed
strongly [36, 37]. By the definition of a, Equation (2), the
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pulse width [ is s, for large « in the limit e — 0. From these
results, the value of ¢ for chosen 7 and « is restricted such that
the standing pulse is destabilized through the translational
bifuraction; here, 7 is less than 7,. Additionally, 7 should be
less than 7, to find the value of ¢ on 7-c relation, as shown
in Figure 4(a). For « = 0, the value of ¢ is chosen on the upper
branch with solid curve in Figure 4(a); the upper (lower)
branch is stable (unstable) [41, 44]. In the case of « > 0, the
lower branch disappears, and the value of ¢ is chosen on
the dashed curve in Figure 4(a). The dependences of ¢ on T
and / are confirmed by the simulation of the RD system (1).
The data points are in good agreement with theoretical
curves, except for a small value of ¢. This discrepancy results
from the fact that € is chosen small but a finite value in the
RD system (1).

Thus, we have considered the stability of the standing
pulse and its dependence on «, 7, and s, in the two-
component RD system (1). Consequently, the standing pulse
is destabilized by decreasing 7. Based on this knowledge, we
consider the traveling pulse in a one-component RD equa-
tion with a convolution term (5). The kernel ] given by
Equation (7) is shown in Figure 5. When ¢ =0, the kernel
is symmetric with respect to z=0 and is positive for all z.
We note that the kernel is not a Mexican-hat type. Although
there is no suppressive region in the kernel, the convolution
term ] * u operates suppressively on u in Equation (5) owing
to its sign: minus sign as —J * u. On increasing c, the kernel
becomes asymmetric with respect to z=0 and remains a
positive value (see dashed curve in Figure 5). The convolu-
tion term J * u maintains the traveling pulse solution for
c¢>0. As examples of the pulse, choosing the adequate
values of ¢ and 7, the profiles of u and v of the stationary
pulse in Equation (5) are shown in Figure 6. Initial condi-
tion u(z,t=0) was given by a small positive excitation at
z=0. Comparing the profiles of u and v in Figure 6 with
that in Figure 1, we note that these agree well with each
other. Thus, both the standing and traveling pulses in the

0.75

~ 0.5+

0.25

0 T T T
-20 -10 0 10 20

FIGURE 5: Profiles of the kernel given by Equation (7) under
periodic boundary conditions. L =20. Solid and dashed curves
represent cases of ¢ =0 and 4, respectively.

RD system (1) are recovered by using Equation (5) with
an adequate value of ¢ determined by Figure 4(a). We note
that the pulse solutions calculated by using Equation (5) are
valid in the stationary state and the profiles in the transient
state do not agree with those in the RD system (1).

Let us consider the pulse solutions of the KT model (14).
The profiles of the kernel Equation (16) are shown in
Figure 7(a). The kernel of the KT model is composed of
two similar terms with reverse sign, and its profile is a
Mexican-hat type. Although the kernel is positive around
the center, it is negative far from the center. Using the KT
model (14), the profiles of u in the stationary state are calcu-
lated, where the initial condition u(z, t =0) was given by a
random number with an amplitude of |u(z,t=0)|<0.1.
The stationary profiles of u are shown in Figure 7(b). When
¢ =0, the profile represents the standing pulse (solid curve).
When ¢ is chosen positive, the profile represents the
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FIGURE 8: Number of pulses in the KT model (14) in a large system and dependence of eigenvalues on the wave number given by Equation
(19). (a) Dependence of number of pulses in (¢, d,) space. Numbers in the figure represent the number of the pulses in the system size
L=60. (b) Dependence of eigenvalues A on the wave number k given by Equation (19). Symbols e and o represent eigenvalues in the

case of ¢c=0 and 0.5, respectively. d, =2 and L =20.

traveling pulse with the right direction in the moving coor-
dinate z = x — ¢t (dashed curve). For sufficiently large c, there
remains only one traveling pulse in the system. The pulse
number depends on ¢ and d,, as shown in Figure 8(a). As
increasing ¢ and d,, asymmetry of the pulse is remarkable,
and the interval of pulses is larger due to the strong lateral
inhibition; the number of pulses in the system is reduced.
To confirm the validity of the occurrence of the pulse solu-
tion in the KT model, the stability of a spatially homoge-
neous solution (u=0) is considered by using Equation
(19). The dependence of eigenvalue A on wave number k is
shown in Figure 8(b). When A is positive, the corresponding
wave number destabilizes the homogeneous solution. The
figure suggests that the homogeneous solution is unstable
for k=2,3,---,6. The most unstable mode, by which the
maximum eigenvalue is attained, is k =3 for both ¢=0 and
0.5. In our simulation of the KT model (14), we obtain three
(two) standing (traveling) pulses for ¢ =0(0.5), as shown in
Figure 7(b). Thus, the number of pulses obtained by the sim-
ulation is reasonable, and the occurrence of pulses results
from the Turing instability.

8. Conclusions

In this study, we considered the convolution representation
of traveling pulses in a two-component RD system and the
KT model. For analytical tractability, a McKean-type nonlin-
earity was adopted in a two-component RD system (1) with
Equation (2). Under the assumption that the relaxation of an
inhibitor was fast, a two-component RD system was reduced
to a one-component RD equation with a convolution term
given by Equation (5). To obtain the stationary standing
pulse or traveling pulse by using Equation (5), it was neces-
sary to proceed with numerical calculations until an activa-
tor u converged to a stationary state. When the RD system
(1) did not converge to a stationary state, our formulation

was not valid. Additionally, the transient state calculated
by using Equation (5) did not agree with that calculated by
the RD system (1). In the one-component RD equation with
a convolution term given by Equation (5), the traveling
speed ¢ was unknown a priori. To find an adequate value
of ¢, the stability analysis of the standing pulse of the RD sys-
tem (1) and 7-c relation was necessary. The fluctuation of
parameter 7 around the bifurcation point in the case of the
strong global coupling was much smaller than that in the
case of local coupling. This is because that the oscillatory
instability was strongly prohibited under a strong global
coupling and the standing pulse was primarily destabilized
through the translational bifurcation. Using an adequate
value of ¢ for a chosen 7, we could obtain the stationary
traveling pulse solution.

By contrast, in the previous studies of the KT model
[18, 38], it was shown that a stationary standing pulse
occurred using a symmetric Mexican-hat-type kernel. As
the extension to the traveling pulse, we have shown that
the traveling pulse was described by the asymmetric
Mexican-hat-type kernel. The spatially homogeneous solu-
tion was destabilized through the Turing instability, and
the stationary standing or traveling pulses occurred. In a
multicomponent RD system, the Turing instability is caused
by different magnitudes of the diffusion of activators and
inhibitors. In the KT model, the kernel was composed of dif-
ferent magnitudes of a Gaussian-type function with a reverse
sign, which formed the Mexican-hat-type kernel. The differ-
ence between d, and d, created a lateral inhibition, resulting
in the localized standing or traveling pulses. The number of
pulses in the system corresponded to the most unstable mode
of the wave number. Because there is no restriction on
parameters d,, d,, and ¢ in the KT model, it is necessary to
choose them by considering other types of information, for
example, matching patterns in the model with experimental
observations. Another method to determine the parameters
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is to match the most unstable wave number obtained through
the linear stability analysis with observation. The most unsta-
ble wave number is determined self-consistently by d,, d,, c,
and L under the periodic boundary conditions.

We discuss the practical utilities of the convolution
representation of RD systems. First, we discuss the global
coupling system in the experiments. The current filament
in the gas-discharge system [45, 46] corresponds directly to
the theoretical model [36]. The total current in these gas-
discharge systems is calculated by the integral of the current
density over the electrode. The external resistor R, in the
circuit corresponds to the magnitude of global coupling a.
On decreasing R, the total current is increased, and the
sequence of transition of current filament occurs; on
decreasing R, the spatially homogeneous filament is desta-
bilized to a localized filament, an oscillatory filament (a
rocking current filament; antisymmetric oscillation keeping
a total current constant), and finally, a traveling filament.
The difference between the experimental setup and theo-
retical model is that the integrand is the sum of the
activator and inhibitor in the theoretical model [36].
Although this assumption is unpractical, the physics
remains the same. When the traveling pulse is described
by using a one-component RD equation with a convolu-
tion term, an adequate traveling speed c¢ is obtained fol-
lowing our procedures.

Second, we consider the m-component RD system. There
are many experimental setups that show traveling waves in
one and two dimensions, such as nematic liquid crystal, cam-
phor boat, and action potential in nerves [47-49]. Reducing
the multicomponent RD system to a single-component RD
equation with a convolution term (the KT model), it is neces-
sary to determine d; (i=1, 2, ---, m), ¢, and L in the kernel. The
stability condition of the spatially homogeneous solution is
obtained by following similar procedures with this study.
The most unstable wave number coincides with the number
of waves in the system. Thus, d;, ¢, and L can be chosen such
that the numerical results by the KT model match with the
observed pattern. The multicomponent RD system or compli-
cated cascade reactions can be reduced to an equivalent KT
model, and the parameters in the kernel are determined by
the above procedures.

Appendix

A. Derivation of the Kernel Function of a
Traveling Pulse

In this appendix, we briefly derive the kernel of a traveling
pulse in an RD system (1). The equations of an RD system
are

2
TS% :sz% +f(u,v),
(A1)
ov 9w

5% 92 +9(u,v),
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where f(u,v)=H(u—-a)—u—vand g(u,v) =u— pv. In the
moving coordinate z = x — ct, Equation (A.1) is

ou ,0u ou
Tes =& g +TEC +f(u,v), a2
v v 0w

3 32 +Ca_z +9(u,v).

In the stationary state, the left-hand side of Equation
(A.2) is zero. We derive the stationary solution v(z) in the
interval [-L, L] under the periodic boundary conditions.
The stationary solution v(z) is obtained by applying the
variation of parameters as

1
v(z) = Cle’\+z + Cze’\*z + 72(& 1)

) Uz (ek(z—y) —e"+<z‘y>)u(y)dy
L
t A, (z— A_(z—

+J (e (&) _ }’))u(y)dy}

z

(A.3)

where A, =(-c+./c2+4u)/2 and C,, are coeflicients.
Imposing the periodic boundary conditions, v(-L)=v(L)
and dv(-L)/dz = dv(L)/dz, on Equation (A.3), we can deter-
mine C,,) as

L
(e/L(L*y) + e*/h(“)’)) u(y)dy,
ML) )

|
—
~| =~ =

L
J (e’uL_}’) + e_’u“y)) u(y)dy.
i),

(A4)

Substituting Equation (A.4) into Equation (A.3), we
finally obtain v(z) as

1 1
V(&) = 3%, =2 sinh (A,L) sinh (1.L)

x U {eMH-ﬁ sinh (A_L) - &> sinh (A+L)}u(y)dy
-L

L
+ [ {ewﬂ-ﬁ sinh (A_L) — &> 1) sinh (/\+L)}u(y)dy} A

(A.5)

We note that Equation (A.5) is in the form of cyclic
convolution. Defining the convolution J * h(z) = ﬁL J(z -
y)h(y)dy with kernel ], v(z) is expressed as
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1 1
Y2 = 33 A0) sinh (A.L) sinb (A1)

L
o J { eMEs8n (Z)L) ginh (A_L)
L

(A.6)
— M8 L) inh (A, L) }u(y)dy

j (2= )uly)dy,

-L

where J(z) is given by Equation (7) and sgn is a sign
function, satisfying sgn (x) =1 for x>0 and -1 for x<O0.
In the derivation of Equation (A.3), we assumed that
v(z, t) is in the stationary state. This assumption corresponds
to the adiabatic approximation; v is a fast variable compared
to u and is regarded as a stationary state.

B. Stability Formula by a Singular
Perturbation Method

In this appendix, following the singular perturbation
method [40], we derive briefly the stability formula F, given
in Section 4. In a stationary state, we consider symmetric
solution with respect to x=0. Here, (u(x),v(x)) denotes
the stationary standing pulse solution of the RD system (1)
in the limit e — 0, the interfaces are located at x = %7,
and the pulse width is 2#,. Perturbations are supplied to
the standing pulse solution; we assume that the left and
right interface positions are shifted as I,(t) = -y, +&,(t)
and [,(t) =n, + &,(t), respectively.

The velocity of the pulse is given (for derivation, see ref.
[42]) by

2(1/2-a-v)

1
z , B.
T[(a+v)(1—a—v)]”2 (B.1)

C(v,a)=

where a=ay+ a2y, +&, - &, —s,). Using Equation (B.1),
the equations of motion on the left front at x=1[; and the
right front at x = [, are given by

dl,

% - _coi).a),
dit (B.2)
2 = C(v(l).a),

respectively, and v(l;,)) corresponds to v evaluated at the
interface position x = /;(,). We expand v(x) around the inter-
face position, as v = v, + v, (t) + v,(t), where v, corresponds
to v at x = +# in the stationary state. The velocity C(v, a) is
expanded around v, with @y(=a, + a(27, —s,)) as

R oC oC| _
C(v,a)=C(vy, dy) +8v‘ (v +v,) +$ ai, (B.3)
0 0

where C(v,,d,) = 0and @, (f) = (&, — £;) and A|, represents
A evaluated using v=v, with a=4,. After several calcula-
tions, we obtain

11
vo(277,) = ‘ui ] e”V¥ M sinh NTESUN
vi(—ty+ &) = 2\/% <1 - e_z\/’j*wl%)fl,
Vi + &) = —2\/% (1 - e_z\/’:”’v)fz,
V(-1 + &) = %quJ;Dél) (t _ t’)e—(q2+#+1)tr—iqqodtr’
v,(n, +&,) = %quJ;DEZU (t _ t’)e—(q2+}4+l)t’+iqnndt/)
(B.4)

where Dgl) is given by

D\ (t - t') = —(e"q%ﬁ1 (t—t") —e Mg, (1 - t')) . (B.5)

To express Equation (B.2) in a linear form of &, and &,,
we define the Laplace transformation of &(t) as

() =J E(t)e " dt. (B.6)
0
Using the facts that
oC| oC| _4 (B.7)
|, " dal, "7 '

where F sign in Equation (B.7) corresponds to the value at
x = #1],, respectively, we consider two modes of perturba-
tions: the symmetric perturbation with respect to the center
of the pulse —&, =&, =& and antisymmetric one & =&, =£&.
We apply the Laplace transformation to Equation (B.2)
and finally obtain

£(0) = {-z .2 (N% (1-e2vem)

(1 + e—zx/“Wo) (B.8)

1
2 z+p+l
+(1+ 1)@} £(z)=F,(2)&(2),

where F, and F_ correspond to the symmetric and antisym-
metric cases, respectively.

C. Traveling Pulse in the Limit of ¢ — 0

In this appendix, we show the traveling pulse solution of
the RD system (1). In the limit e — 0, the RD system
(1) is greatly simplified. Putting z=x—ct, the traveling
pulse v(z,t) satisfies a time evolution equation

2
aV:Q+c@—(‘u+1)v+H(u—a).

ot 022 0z (C.1)
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The stationary traveling pulse solution is obtained under
the boundary conditions v(z) — 0 in the limit |z] — oo,
v(z, —0)=v(z,+0), and dv(z,—0)/dz=dv(z, +0)/dz.
The positions of left and right interfaces are denoted by z_
and z,, respectively, and the final expression of v(z) is

Cy e (z<z.),
v(z)={ Cyet "+ CyeM + pre] (z.<z<z,), (C2)
C4e)LZ (Z+ < Z),

where A, =(-c+ \/m)/Z and C; (i=1,2,---,4)

are given by

A 1

C. = — Az, _ Az ,
1 A+—A,M+1(e ¢ )

_)‘+ 1 -A_z_
I W e L

(C.3)
A

T A u+l

A

The corresponding stationary solution u(z) is given by
u(z) =H(u —a) —v(z), and the pulse width I is I=z, —z_.

D. Stability Analysis of the Homogeneous
Solution of the KT Model

In this appendix, following similar procedure used in ref.
[38], we derive the linear growth rate of instability of the
spatially homogeneous solution in the KT model (17). In
our choice of parameters, there is a spatially homogeneous
solution of the RD system (12); u=v=0. We denote as
u, =0 and v, =0. We note that, in the moving coordinate
z=x — ct, the system has a spatially homogeneous solution
(49, vo).-

In the moving coordinate z = x — ct, the KT model (17) is

2
0 _ 20t 9 b,

9t T8 oz T¥%;

(D.1)

where h(u) is given by Equation (18) and v in the RD system
(12) is expressed by using kernel J in the KT model as

v =Teu@)= | Je-puindy, (02

where J(z) is given by Equation (16). We note that J satisfies

J:](z—y)dyzo. (D.3)

Advances in Mathematical Physics

Using this relation, ] * u, =0, for an arbitrary spatially
homogeneous solution u,. To consider the linear stability
of Equation (D.1), we put u(z, t) = u, + ¢(z, t) with a small
deviation ¢(z,t). The corresponding deviation of J * u(z)
is given by

L
J * u(z) =J J(z=y)u(y)dy =] * ¢(z, t). (D.4)
-L
We define the Fourier transformation of ¢(z, t) as
1 :
oi(0)=F(o(e0) = 37 [ gl ne s
L
- | (D.5)
p(mt)= Y gu(r)e ",
k=—00
where k=0, +1, £2, ---. Applying Fourier transformation to

Equation (D.1), and putting ¢, (¢) = ¢,(0)e", we obtain the

eigenvalue A as
Joun(2] )
| =—
(ug:v9) o (ug:vo)

N ek 2+z’ km N oh
=7\ ) T T ) e
(D.6)

2
:_<£an) + isc(kfﬂ> —ay+2L],

where ] is

1 1
Je=F((2)) = 57 [‘ d, (A, —i(kn/L))(A_ - i(kn/L))

1
" (L - i(kn/L)) (X_ - i(kn/L)) ] ’
(D.7)

where A, and 1 , are given in Section 5. Because a pure
imaginary number does not affect the stability of the solu-
tion, omitting the second term of Equation (D.6), we finally
obtain the growth rate of instability of the spatially homoge-
neous solution as

)L—l ekm\ 2 o1
=2 _(L> +2L] —ay|.
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