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SINGULAR PULSE WAVE BIFURCATIONS FROM FRONT AND BACK
WAVES IN BISTABLE REACTION-DIFFUSION SYSTEMS

Hideo Tkeda

ABSTRACT. Singular perturbation methods are applied to show a bifurcation of
traveling pulse waves from front and back waves with the same velocity. In our
proof, the behavior of the stable and unstable manifolds with respect to the
equilibrium points as they cross are given, and these play an essential part in
proving the existence and stability properties of traveling pulse waves.

1. Introduction

In the framework of nonequilibrium systems, reaction-diffusion systems have been
proposed to model spatial and temporal pattern dynamics in the fields of chemical
reactions, neurophysiology, morphogenesis, combustion, solidification, etc. It is rec-
ognized that under the interaction of two simple mechanisms, reaction and diffusion,
very complex and very beautiful spatial and temporal patterns appear.

This paper studies traveling pulse solutions for a system of reaction-diffusion equa-
tions of the form

EUy = 62“21} + f(ua ’U)

t R, xR. 1.1
v = Dugg + 9(u,v) } (t,2) € Ry (1.1)

This system contains two physical parameters ¢ and D. We assume that ¢ is a suffi-
ciently small positive parameter and D is a positive parameter. The reaction terms f
and g are taken to be typical of excitable media (see Figure 1). Figure 1(a) shows the
mono-stable case, and Figure 1(b) does the bi-stable case, depending on the number
of stable constant stationary solutions of (1.1). For this system, an important prob-
lem is to study the existence and the stability properties of traveling wave solutions,
which gives us an understanding of high-dimensional wave propagation such as spiral
patterns and labyrinthine patterns.

First, let us consider the mono-stable case. When D = 0, this system is called the
FitzHugh-Nagumo equations, and the existence of stable traveling pulse solutions is
well-known. But when D # 0, it is difficult to show the existence and the stability
property of traveling pulse solutions rigorously. When D = O(g) (= eD;), this system
is known as the Belousov-Zhabotinskii reaction equations. It has been believed that
there exist stable traveling pulse solutions for this system. In fact, Dockery and
Keener [1] showed that traveling pulse solutions and standing pulse solutions coexist
for the system with piecewise linear f and g. Furthermore, they showed that the
branch of traveling pulse solutions bifurcates from the one for standing pulse solutions,
and no traveling pulse solutions exist for large D;; they used a formal perturbation
analysis and numerical methods. On the other hand, when D = O(1), this system is
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FIGURE 1. Typical functional forms of excitable media: (a) mono-
stable, (b) bi-stable.

known as lateral inhibition, which implies the existence of standing pulse solutions.
These results suggest that no traveling pulse solutions exist when D = O(1).

In this paper, we treat the bi-stable case. It is to be expected that the results
similar to the above hold with respect to each stable equilibrium point. Here we shall
show stronger results than the mono-stable case. That is, when D = O(1), there exist
traveling pulse solutions under the special nonlinearities f and g. Replacing = by
z/ VD, we can rewrite (1.1) as the following € — T system:

_ .2
et = € tse + f(1,0) } (t,z) e Ry x R (1.2)
Ut = Vgg + g(u, ’U)
where €/ VD and VD are regarded as € and 7, respectively. Introducing the traveling
coordinate z = = + ct, we rewrite (1.2) with a parameter c:

e2u,, — ecTu, + fu,v) =0 }
z€R.
Uz — ¥, + g(u,v) =0

(1.3)

We can deal with the three kinds of traveling wave solutions (u,v)(2) of (1.2) with
velocity c: (a) traveling front wave, (b) traveling back wave, and (c) traveling pulse
wave. The first one means a solution (u,v)(z) of (1.3) satisfying (u,v)(—o0) = P
and (u,v)(co0) = @, while the second one satisfies the opposite boundary conditions
(u,v)(—00) = @ and (u,v)(0c0) = P. The third one satisfies the boundary conditions
(u,v)(£o0) = P or Q. Note that a traveling front wave with velocity ¢ becomes a
traveling back with velocity —c using a suitable transformation. We know already
that there exist traveling front and back waves of (1.2) with the bi-stable nonlinearity
(see [5]). If we take f and g to be
flu,v)=u(l—u)(u—a)—v (0<a<1/2),

9(u,v37) =u—v (1.4)
(see Figure 2), we can get the global branches of front and back waves, c versus 7 (see
Figure 6). Here v is a positive parameter satisfying v > 7o, and 7o, 71, and 2 are the
critical values as shown in Figure 3.

At v = «, front and back waves with the same velocities ¢ coexist because of
the odd symmetry of f and g. This situation suggests that traveling pulse-like waves
satisfying (u,v)(£oo) = P or @ exist whose length of excited regions are infinite. This
also suggests the possibility of the existence of traveling pulse waves, whose length of
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FIGURE 2. Functional forms of f =0 and ¢ =0 in (1.3).
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FIGURE 3. Critical values of ~.

excited regions are very long but finite, in a neighborhood of 7; (see Figure 7). This
conjecture was proved affirmatively in [6] by using homoclinic bifurcation theory. The
- system (1.3) can be rewritten as an equivalent four-dimensional dynamical system

d
E;V =F(V;e;m,c) z€R,

V(xoo) =P (or Q) (1.5)

for V. = (u,eu,,v,v,). Then a traveling pulse wave of (1.2) corresponds to a homo-
clinic orbit of (1.5) based on P = (0,0,0,0) (or Q = (u4(7),0,v+(v),0)). Kokubu
et al. [6] showed the bifurcation of front and back waves by using distance-like func-
tions, which are called separations, of the stable and unstable manifolds with respect
to P and Q. Next, by the aid of these separations, they showed the bifurcation of pulse
waves at v = 7;. But the crossing behavior of the stable and unstable manifolds with
respect to P or Q were not obtained there, and that plays an essential role for locally
unique existence and the stability property. Here, we want to obtain this information
by using an analytic singular perturbation method which is different from [6] (see §4).
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In this paper, we only consider the singular limit problem which has important
information about the existence and the stability property of an exact solution. The
existence and the stability properties of these solutions will be given in [4].

In §2, we give a short summary of the existence results for traveling front and back
waves and will see that traveling front and back waves with the same velocity coexist
at v = 71. In §3, we consider the singular limit problem for traveling pulse waves
and show that singular limit pulse waves bifurcate from singular limit front and back
waves at 7 = 1. In §4, the crossing behavior (see (4.25), (4.26)) of the stable and
unstable manifolds of the equilibrium points for the singular limit problem are given
and are good approximations of those for the full system (1.5). We give the most
important information for proving the existence of an exact solution and its stability
property. Finally, in §5, we make a few comments on our results.

For simplicity, we assume that the nonlinearities f and g are as in (1.4). But
our assumptions will be weakened to more general nonlinearities such that singular
limit traveling front and back waves with the same velocity coexist at some value of
a physical parameter (see §3). In Figure 2, v = h_(v) and v = hy(v) denote the
left and the right branches of f = 0, respectively. Two stable constant states are

= (0,0) and @ = (u+(7),v+(7)). Hereafter, we write (0,0) as (u—(y),v-(7)) for a

short notation. Define F(v) = [, h+((;')) f(u,v)du for v € (Umin, Umaz)- Then, it is easily
seen that F(v) has a unique isolated zero at v* € (Vmin, Umaz)-

We use the following function spaces. Let I =R_, R, or R, € and p be positive
numbers, and n be an integer. Let
d\k
(&:E) u(:c)‘ < oo}.

Xn (1) = {u e Ccn(I)

n
lullxz, @ = Zsup erl®!
k=0 €1

2. Front and back waves

In this section, we give a short summary of the existence results for traveling front and
back waves of our previous paper [5]. As stated above, the existence of a front wave
with velocity ¢ implies the existence of a back wave with velocity —c. So we consider
only a front wave for a while. Introducing the traveling coordinate z = x + ct, we find
that a traveling front wave with velocity c satisfies the following equations:

€%u; —ectu, + f(u,v) =0 } z€R (2.1)

Vzz — CU, +g(u7v;7) =0
with boundary conditions
(u,v)(=00) = P = (u-(7),v-(7)), (u,v)(00) = Q = (u4(7),v+(7))- (2.2)

We suppose € (> 0) is sufficiently small. Since any solution of (2.1), (2.2) is translation-
invariant, we can normalize u by

u(0) = e, (2.3)

where « is an arbitrarily fixed number in the interval (u_(7), u+(7)). We expect that
a sharp transition layer appears in a neighborhood of z = 0. Moreover, we put

v(0) = B € (v-(7),v+(7), (2.4)

and B will be determined later.
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First, we shall separate the whole interval R into two subintervals, say R_ and
R, and consider the following boundary-value problems on each subinterval:

e2(u¥),, — eer(ut), + fut,v¥) =0
(v%)zz — c(v¥): + g(uF,v¥;9) =0

u(£00) = ux(y), wF(0)=a,
vE(to0) = vi(7), v*(0) = 6. (2.5)
In §2.1, we construct outer solutions which approximate (2.5) outside of a boundary
layer region. In §2.2, we construct inner solutions which approximate (2.5) in a bound-
ary layer region. Second, in §2.3, using these approximate solutions we construct a
uniformly approximate traveling wave solution of (2.1), (2.2), and (2.3), which gives us

the information used to construct an exact solution. Finally, in §2.4, we define singular
limit problems and look at the global pictures of these singular limit solutions.

} z € Ry,

2.1. Outer solutions. By putting ¢ = 0 formally in (2.5), we get the following
approximate problems:

f(ui,'ui) =0
('Ui)zz - C('Ui)z + g(ui,vi;’Y) =0 } #€ Ry,
vE(2o0) = v(y), v*(0) = 4. (2.6)

We replace f(u®,v%) = 0 by u* = hy (v¥). Thus, (2.6) can be reduced to
(V)es = c(VF): + g(he(VF),V¥7) =0 z€Ra,
VE(£oo) =vs(7), V*(0) =6 (2.7)

Lemma 2.1. For any fized c € R, 8 € (v=(7),v+(7)), and v € (0, 00), there exist
unique strictly monotone increasing solutions Voi (2;¢,8;7) (z € Ry) of (2.7) satisfy-
ing

|V0i(z; c, ﬂy')') - 'Ui(’)’)' € Xﬁ(c),l(Ri)7
where p(c) = min{p_(c), p+(c)} and p+(c) are positive roots of
pd = cpt + gu(ux(7),v£(7); ML (£ (7)) + 6o (wr (7), v£(7);7) = 0.

Moreover Voi(z;c, B;7) are continuous with respect to (c,8) € R x (v—(7),v+(7)) in
the Xg(c),l(Ri)-topology and satisfy

o [d.  _ d i
— | =V5 (05¢,8;7) — 5=V5" (0;¢,8;7)| > 0, (2.8)
Oy |dz dz |
od. _ d ]
— | =V5 (0;¢,8;7) — = V5" (05¢, ;)| > O, (2.9)
Oc | dz dz |
and
o d. _ d T
35 |Z "0 Gehsn = ZV (Ge i) >0 (2.10)

From this lemma, we directly obtain the following result which will be useful in
§2.3.
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Lemma 2.2. For any ¢ € R and v € (y9,00), there ezists a unique 8 = Bo(c;v) €
CY(R) satisfying

d___ d_ .

a—z% (0) c, IBO(C) ’Y)a’Y) - @VE] (O’ c, ﬂO(Ca 7))7) =0.

The function Bo(c; ) is strictly monotonically decreasing with respect to ¢ and v and
converges to v () as ¢ — Foo, respectively. Moreover
< ; , >
Ysm  ifaendonlyif  Bo(cy) S v*
Remark 2.1. B (c;7) is explicitly represented as

Lo e (V)s e Bi) Pz + [ €= (Vi) (s, B )Pz

Bole7) = == 9(h+(8), B5v) = g(h—(6), B;7) p=totern

where ' means the derivative with respect to c¢. Furthermore, 980(c;v)/dv also is
represented as

I e (V)25 6,85 Vy (25 ¢, B; 7)d=
+ I3 e (Vih):(zi 6, B 1)V5' (23 ¢, B57)dz
9(h+(8), B; ) — 9(h—(B), B;7) p=f0(ci7)

Using the functions Voi(z; ¢, B;7), we define Ui (z;¢, B;7) by
U (2i¢,8;7) = he(Vi*(%:¢,6;7))  z € Ra.

We thus find that (U ,Voi)(z c, B; ) approximately satisfy (2.5) outside of a neigh-
borhood of z = 0 however, UO (2;¢,8;7y) do not satisfy the boundary conditions

UO (0 CMB’ )

2.2. Inner solutions. As stated above, (UF,ViE)(z;¢,8;7) does not satisfy (2.5)
approximately in a neighborhood of z = 0. That is, solutions u® of (2. 5) have steep
gradients. Therefore, we must remedy that defect by supplementmg (U0 ,Voi) with
inner solutions Wi in a neighborhood of z = 0, so that (U + W, ViE) will satisfy
(2.5) approximately for all z € Ry.

For this purpose, we introduce the stretched variable ¢ = z/e in a neighborhood
of z = 0. Substituting (U5 + WiE, Vit) into (2.5) and putting € = 0, we obtain the
following approximate problems:

(WiE)ee — cr(Wi)e + f(he(B) + WEE,B) =0 £ € Ry,
WEE©0) = o — hx(B),
Wi (zo0) =0, (2.11)

where £ is a fixed constant satisfying 8 € (v—(7y), v+(7)). We first state the following
lemma.

%ﬂo(c; v) =~

Lemma 2.3 (2). For any fized B € [v—(v),v4+(7)], consider the following problem:
Wee — We + f(W,/) =0  £€R,
W(to0) = he(B8), W(0)=c. (2.12)

Then there exists ¢ = co(8) € C*([v—(7), v+ (7)]) such that (2.12) has a unique strictly
monotone increasing solution W (&; B) satisfying

|W(&;8) — hs(B)| € Xz:;._(ﬁ) 1(R),
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where

a1(8) = [ F co(B) + ((co(8))? — 4fu(h(B), B)/?] /2.

Furthermore,
woB)S0  andonlyif F(B) S

Lemma 2.4. For any fized 8 € [v_(fy),v+('y)], let c;(B;7) = co(B)/7. Then there
exists 8§ > 0 such that for any fived (¢, 8) € As, = { (¢,8) | |¢ — c1(B; 7-)| +18-8] <
bo } (2.11) has unique strictly monotone increasing solutions WO (A B; T) satisfying

|W0 (gvc,ﬂa T)I € Xai(‘r) I(Rﬂ:)’
where 04(T) = inf(a,ﬂ‘)eAao 0+(¢,B;7) and

ox(c, B;7) = [Fer + ((er)? ~ 4fu(h(6), £)) /%) /2.

Furthermore, Wg‘:(f; & B;7) are continuous with respect to (¢,8) € As, in the
Xgi(r),l(Ri)-topology and satisfy

d§WO (O CI(ﬁvT) 1317-) dé.W(;l-(O CI(ﬂ) ) :817-) = 07 (213)
gz [EEWO—(O; c1(B;T), By ) = %WJ(O; c1(B;7), Bs T)] >0, (2.14)
z [d Wi O5cr(857), :7) = W Oscr(6:7), 6 r)] >0 (219)

Remark 2.2. It follows from (2.13), (2.14), and (2.15) that a%c;(ﬂ; T) is strictly
negative for 8 € [v—(7),v4+(7)]. Then there exists an inverse function of ¢ = ¢;(8;7),
say B = B1(c;7), which is strictly decreasing for c € [cr(v4+(v); 7), cr(v=(7); )]

3. Uniformly approximate solutions. In the preceding subsections, we
constructed the lowest-order approximations (Uoi(z; ¢ Biy) + Wi(z/e;c, B;7),
Vbi (z;¢,8; 7)) of the problems (2.5). It is clear that these approximations are matched
at z = 0 in the C%-sense. In order for these to be approximations of (2.1), (2.2), and
(2.3) uniformly on R, their derivatives have to be matched at z = 0 in the C°-sense.
That is, we impose the following conditions on (Wit, ViE):

(I)O(Caﬂa T) WO (O C, :3:7-) EEW-F(O c, ﬂ’ ) 0,

Wo(c, B;7) = EVO‘(O; ¢, B;v) — (—i-z-VJf(O; ¢, B;7) = 0. (2.16)

From Lemmas 2.2 and 2.4, it follows that the above relations are equivalent to the
conditions

c=co(B)/7 (2.17)

and

B = Bo(c;7), (2.18)
respectively. We note that by Remark 2.2, (2.17) is identical to

B = Br(c; 7). (2.19)
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Lemma 2.5. When v < v < 2, there exists 7.(y) such that the curves (2.18) and
(2.19) (or (2.17)) have three intersection points for 0 < T < 7.(7), two for T = 7.(7),
and one for 7 > 71.(y). When v > 72, the curves (2.18) and (2.19) have only one
intersection point for each 7. Furthermore, these curves intersect transversally at each
point except when there is only one point in the case of o0 < v < Y2 and 7 = 7.(7)
(see Figure 4).

min min
(@) (b)
B B
V max
e e
e mT>>1
; AR Y| B=B, (c1)
T<< 1 AN .
K
N‘\ <
=3 s
B:BO(C,'T) \ \‘
0 \ Se c
vmm vmi"
© (d

FIGURE 4. Intersection of the curves 8 = Bo(c;y) and 8 = Br(c; 1)
for different values of v: (a) vo <y <m, (b)y=m, (c) 1 < v < 72,
(d) v 2 7e-

Let (cf(7,7),B¢(7,7)) be an arbitrary intersection point of the curves (2.18) and
(2.19). Define

Us (z5¢(1,7), B (7,7)57) + Wy (2/e5¢¢(1,7)Bs(1,7);7) 2 € R_,

(o o =
wlEany) {UJ(z;cf(T,v),ﬂf(r,v)m+WJ(z/e;cfv,v)ﬂf(m)sr) z€Ry,

and

Vo (z¢(1,7), B5(7,7);7) z€R_,

fooe o =
'UO(Z,&‘,T,’Y) {%‘l‘(z;cf(T,’)’),ﬁf(Ty’y);’Y) z GR-I-.
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Then, we find that (u{;, v(’; )(z;€;7,7) is the lowest-order uniform approximation on R
to the problem (2.1), (2.2), and (2.3). From Lemma 2.5, we see that the number of
uniformly approximate traveling wave solutions depends on 7 and 7.

Lemma 2.6. When v < v < 72, (2.1), (2.2), and (2.3) has three uniformly approz-
imate traveling front waves (u{; ,v(’; )(2;€;7,) with velocity ¢ = cf(r,7) for 0 < 7 <

7e(7), two for T = 1c(y) and one for T > 7.(7). On the other hand, when v > o, it
has only one for any T (see Figure 5).

c c
0 . c T 0 T
C))
4 c
0 T 0 T
T c
(b) @

FIGURE 5. Singular limit velocity curves ¢ versus 7 for different values
ofy: (a) o <y <y, (B) v=, () M <¥< 72 (d) Y272

If (¢ (7,7), Bf(7,7)) is an arbitrary intersection point of the curves (2.18) and (2.19)
at which these intersect transversally, that is,

Bile; ) = Boles 7)| #0
c=cy (T1'Y)
is satisfied, then by using the implicit function theorem, we can find an exact solution
of (2.1), (2.2), and (2.3) in a neighborhood of (ug,v({)(z;s;r, v) (see [5]).

Theorem 2.1. When 9 < v < 72, (2.1), (2.2), and (2.3) has three traveling front
waves (uf,v')(2;€;7,7) with velocity ¢ = cf(e;7,7) for 0 < T < 7.(7), and one for
T > 7Tc(y). On the other hand, when v > 7s, it has only one for any T, where
(ufs'vf)(Z; &7,7) and cs(e;7,7) satisfy

(2.20)

! (5e57,7) = u§ (587 llxs, @y + 107 (657, 7) = o (5677l xy ) — O
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and

cr(e;m,y) — cf(1,7)
ase — 0.

As for the stability property of these traveling front waves, it is shown in [7] that
the upper and lower branches are stable and the middle one is unstable (see Figure
5). More precisely, the sign of the left-hand side of (2.20) corresponds one-to-one to
the stability property of a traveling front wave. Namely, this is equivalent to the sign
of the real part of the principal eigenvalue of the linearized eigenvalue problem.

2.4. Singular limit problems for traveling front and back waves. We pre-
sented a method to construct traveling wave solutions with the aid of outer and inner
solutions, that is, a usual singular perturbation method as in [5]. Now, let us review
our method. What are the simplest limiting equations of (2.1), (2.2), and (2.3) that
hold important information about the existence and the stability property of an exact
solution? Formally, putting € = 0 in (2.1), we obtained the problems (2.7), which
describe the outer solutions. However, these are not sufficient for our purpose. Then,
we had to consider the other problems (2.11), which describe the inner solutions. If we
impose the relation 8 = B;(c; 7) in advance, the inner solutions W&t (& ¢, B8;7) of (2.11)
are matched at £ = 0 in the Cl-sense automatically. Thus, combining the relation
B = B1(c;T) with (2.7), we can obtain the following limiting equations:

(VE)zz — e(VE): + g(he(VF),VF7) =0 2 €Ry,
VEoo) =vi(y),  VE(0) = Bil(c 7). (2.21)

By Lemma 2.1, we can find solutions Vfi(z; ¢;7,7) of (2.21). Furthermore, we impose
the relation

(Vi):(06m,7) = (V)2 (0567,7), (2.22)

which is equivalent to the condition 3;(c; 7) = Bo(c; ). From (2.22), we can determine
the relation ¢ = ¢g(r, ), which is the same velocity as determined in §2.3. (2.21) and
(2.22) are the simplest limiting problem to (2.1), (2.2), and (2.3), because if we get
solutions Vfi(z; cg(7,7); T,7) satisfying (2.21) and (2.22), we can find a uniformly

approximate solution (ug ,vg )(z;€;7,7) of (2.1), (2.2), and (2.3) as follows:

ud(2;67,7)
_ Jh-(Vr (zics ()i 7 7)) + Wo (2/€5¢£(737), Br(es (7). 7)i ) 2 € R,
hy (Vi (25¢5(1,7)i7,7)) + Wi (2/85¢5(7,7), Bi (s (1,7), 7);7) 2 € Ry,

and

'Ug(Z;E;T,’)’) — Vf+(2;Cf(T,"y);T,’)’) z € R—a

Vi (zies(T,7); 7)) 2 € Ry
Then we call (2.21) and (2.22) a singular limit problem for traveling front waves and
call (ug , ’U({ )(z;€;7T,7) (2 € R) and c¢(7,7) a singular limit traveling front wave and a
singular limit velocity, respectively. We write a singular limit traveling front wave as
P — @ symbolically.
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An important condition to get an exact solution from a uniformly approximate
solution, say (2.20), is

0 v=Y.(0: 9 vy (0
a_C(Vf )Z(O’ C’T”y) aC(Vf )Z(O, [oH 7',’)’) c=c!(‘r,'y) 7é 0 (2.23)

for the singular limit problem (2.21) and (2.22). Furthermore, noting the following
relation between the left-hand sides of (2.20) and (2.23):

gz(vf—)z(ﬁ; GT,Y) = a%(Vf*)z(O; T, y) = ;—C\I!(,(c, Br(e;7);7)
= %\I!o(c, Br(e;7);v) + —5%\110(@ Br(c;7);7) - By(e;7)
= 5%‘1’“(6’ Br(c;7);7) - {Bi(eim) — Boles M} (2.24)

where B%\Ilo(c,ﬂf(c; 7);7) > 0, we find that the sign of the left-hand side of (2.23)
determines the stability property of an exact solution.
Similarly, we can consider a singular limit problem of traveling back waves:

(VE).z — c(VE), + g(h£(VE),VE9) =0  z€Ruy,
VE(oo) = vx(y), VF(0) = Bi(—¢7), (2.25)
and
(V)2(05¢7,9) = (V)06 7,7)- (2.26)

Let Vbi(z; ¢;7,7) (z € Ry) be solutions of (2.25), (2.26) and Wi e, 8;7) (€ € Ry)
be solutions of (2.11). Put
up(2;€;7,7)

_ {h_(V,,‘(z; eo(7,7); 7 7)) + Wy (—2/e565(7,7), Bi(eo(T,7), 7);7) 2 € R,
by (Vi (z506(T,7); 7 0)) + Wo (—2/€; e6(T,7), Bi(es(T,7),7); ) 2 € Ry,

and
Vi (ze0(T,7); ) z€R-,
vh(z657,7) = "+( (r,7)im7)
Vit (ze(,7);7,7) 2 € Ry,
where ViF(z67,7) = Vi(—z—¢7,7) and cp(r,7) = —¢f(7,7). Then, (uf,vf)

(2;€;7,7) will be a uniformly approximate solution of (2.1), (2.2)', and (2.3), where
(u,v)(=00) = Q = (u4(7),v+(7)),  (w,v)(+00) = P = (u-(7),v-(7)).  (2.2)

We call a solution (u§, v§)(2;€;7,7) (2 € R) and cy(7,7) a singular limit traveling back
wave and a singular limit velocity, respectively. Similarly, we write a singular limit
traveling back wave as Q — P symbolically.

Finally, regarding v as a bifurcation parameter, we give the bifurcation diagrams for
singular limit front waves P — @, ¢ = c(7,7), and back waves Q — P, ¢ = c(7,7),
in Figure 6 for any fixed 7. These pictures play an essential part in the next section.
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Yo

c=cy(t,Y)
Q—>P

(@ (®

9 =cb(t,Y)
Q—>P

©
FIGURE 6. Singular limit velocity curves ¢ versus «y for different values
ofr: (a)0< 7 <‘Tc(’)’1), (b) 7 = 7e(m), (¢) T > 7e(m1)-

3. Singular pulse waves bifurcating from front and back waves

We will show a local bifurcation structure of traveling pulse waves in the (c,v)-
parameter space near the intersection points of the two curves of parameters cor-
responding to the singular limit traveling front and back waves. At the points P;
(i =1,2,3,4,5) in Figure 6, traveling front waves P — @ and back waves Q — P
with the same velocities coexist. This situation suggests that traveling pulse-like waves
connecting P at z = —oo with P at z = 0o exist, with infinitely long excited regions.
This suggests the possibility of the existence of traveling pulse waves, with arbitrarily
long (but finite) excited regions in some neighborhood of «y; (see Figure 7).
Our purpose is to construct a traveling pulse wave of the problem

2
E Uy, —ECTU, + f(u,v) =0
‘ f) } z€R, (3.1)
Vg — vy + g(u,v;9) =0
with boundary conditions
(u,v)(£0) = P = (u_(7),v-(7)) (3:2)

or

(u,v)(£00) = Q = (u1.(7),v4+(7)) (3.3)
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u
u

() (d

FIGURE 7. Shapes of front, back, P-pulse and Q-pulse waves: (a)
front wave, (b) back wave, (c) front + back wave (P-pulse wave), (d)
back + front wave (Q-pulse wave).

for v close to y; with the aid of traveling front and back waves. We call a solution
satisfying (3.1), (3.2) or (3.1), (3.3) a P-pulse wave or a Q-pulse wave, and write it
symbolically as P — P or Q — @, respectively. We restrict our attention to the case
where we find a P-pulse wave of the problem (3.1), (3.2) for (¢, ) in a neighborhood
of P;. We comment on other cases later. We suppose that this solution has two sharp
transition layers at z = —£ and z = m (see Figure 7(c)). Normalize (u, v)(z;&;7,7) to
satisfy

v;(0;&;7,7) =0, (3.4)
and define v, ¢, m, (1, and (32 such that
u(0;6;7,7) =v, u(-LeT,y) =0, u(m;eT,y)=a,
v(=be;7,y) =B, v(mie;T,y) = B,

where « is arbitrarily fixed in the interval (u—(7v),u+(7)). Then, we can separate the
whole line R into four subintervals and consider the following problems:

Vyz — vy + g(u,v;9) =0 } 2 € (=00, =0),
u(—00) =u_(7), u(-f) =aq,
v(—-00) =v_(7), v(-¢f) =P, (3.52)

e2u,, — ectu, + f(u,v) =0
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e2u,, —ecTu, + flu,v)=0
Vez — Uz + g(u,v;7) =0 } 2€(=40)
u(—f) =a, u(0)=y,
v(=£€) = B1, v:(0)=0, (3.5b)

2
€Uy, —ecTUy + f(u,v) =0
= + ¥ f(wo) } z€ (0,m),
Uz — eV +g(u,v;7) =0
u(0) =v, wu(m)=aq,

v:(0) =0, v(m)=pe, (3.5¢)

e2u,, —ecru, + f(u,v) =0
vzz—cvz+g(uav;7)=0 } 2 € (m, o),
u(m) =a, u(o)=1u_(y),
v(m) = B2, w(c0) =v_(v), (3.5d)

respectively. The standard classical singular perturbation process is as follows: first,
solve (3.5a)—(3.5d) independently and examine the dependency of the parameters c,
v, £, m, B1, B2 on each solution. Second, match the solutions smoothly at the points
z = —{, 2 =0 and 2 = m and then determine the parameters ¢, v, £, m, (31, B2 as
functions of €, 7, and «. But in this section, we do not follow this process. Instead, we
consider a singular limit problem (3.1), (3.2). Formally, putting ¢ = 0 in (3.5a)—(3.5d),
we have

(V)zs — (VD). + g(h-(VD), VD7) =0 z € (~00,-0),
VO(~c0) =v_(7), V(=) =4y, (3.6a)

(V®)zs —c(V®), + g (V®), VD7) =0 z€(=£,0),
VA =51, (V@) (0)=0, (3.6b)

(V(s))zz - C(V(a))z + g(h+(V(3)), V(a);')') =0 z € (0,m),
(V®),0) =0, VO(m)=p, (3.6¢)

(VO)zz = (V). + g(h-(V®), V) =0 z € (m,00),

V®(m) =B, V®(c0) =v_(7), (3.6d)
respectively. The component u of a solution satisfying (3.1), (3.2) has two internal
transition layers at 2 = —¢ and m (see Figure 7(c)). Then introducing the stretched
variable £ = (z + £)/e in a neighborhood of z = —¢ and putting ¢ = 0, (3.5a) and
(3.5b) become

(Wi)ee — er(Wif)e + f(hs(By) + Wi, B1) =0 £ € Ru,
Wit(0) =~ hx(A1),
Wit (zo0) = 0. (3.7)
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Similarly, by using £ = (2 — m)/e in a neighborhood of z = m, (3.6¢c) and (3.6d)
become

(Wif)ee — er(Wif)e + f(ha(B2) + Wi, B2) =0, £ €Ry,
W5 (0) = o — hx(Ba),
Wi (£o0) = 0. (3.8)

In order to obtain smooth solutions on R of the problems (3.7), (3.8), we must impose
the conditions

B =Br(eT),  B2=B1(—¢7), (3.9)

respectively (see Lemma 2.4 and Remark 2.2). Therefore, substituting (3.9) into
(3.6a)—(3.6d), we have the singular limit problem of (3.1), (3.2):

VO, —c(VA), + g(h_(VD), VD) =0 z € (—o0,—L),
V(=o0) =v_(7), V(=) =Bi(c7), (3.10a)

(V®y,, —c(VP), + g(hy V@), V@:iy) =0 2z € (=¢,0),
V(2)(_£) = ﬁI(C; 7-)’ (V(2))z(0) =0, (310b)

(V(S))zz - C(V(3))z + g(h+(V(3)), V(3)37) =0 z € (0,m),
(V.0 =0, VO(m)=pi(-cT), (3.10¢)

(V(4))zz - C(V(4))z + g(h__(V(4)), V(4)§’)’) =0 z € (m,0),
VO (m) = Bi(—¢;7), V¥ (00) =v_(y), (3.10d)

(V)a(=0) = (V®).(-0),

(V®)(0) = (Vv®)(0),

(V®),(m) = (VD). (m). (3.11)
We want to apply phase-plane methods to find solutions of the problems (3.10a)-

(3.10d), (3.11). To do so, we rewrite them as the following equivalent first-order
systems:

(V(l))z =y®
(YW), =¥ — g(h_(VV),vV; ) }
VI (—c0) =v_(7), YP(-c0)=0,
V(=) = Bi(c;7), (3.12a)

z € (—o0, —¥),

(V(2))z =y®@
(Y®), =c¥® — g(hy (VP), Vs ) } 2e (=60,
V(=0 = Bi(er), YO(-0) =YD (-0,
(V®),(0) =0, (3.12b)
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(ve)y, =Y®
(Y®), =c¥® — g(hy (V®),VE); ) } #€Om)
VO (m) = B1(-¢;7), YO(m) =YD (m),
(V®).(0) =0, (3.12¢)

(V) =y®
e~y vy | P
V®(c0) =v_(7), Y®(o0) =0,
V& (m) = Br(~c;7), (3.12d)
and

v®(0) = V(o). (3.13)

If each problem (3.12a)-(3.12d) has a solution, we write it as (V3" (z;c;, 7), Yp(i)
(z;¢;7,7)) (¢ = 1,2,3,4). £(m) is determined as a function of ¢, 7, and ~, say,
£,(c;7,7) (mp(c;7,7)), by the time taken to traverse I'y (I's) from the point A (C) to
B (D) (see Figure 9, (b) and (c)).

c
P— Q
Cp(y) | _ > - - f(Y)
gb(Y) _____
P00 I |
| X E T C(y)
| : | e
0 Y Y, Y Y

FIGURE 8. Coexistence of front and back waves.

First, we fix y arbitrarily satisfying v < 71 and define cf(7), cy(7) as in Figure 8.
(v-(7),0) and (v+(v),0) are critical points of (3.12a), (3.12d) and (3.12b), (3.12¢),
respectively. Using the theory of ordinary differential equations, we find that for
¢ = cp(7y), there exist unique trajectories

i = (V(ze0(71);7,7), Y (25 06(7); 757)
satisfying (3.12a)—(3.12d) (see Figure 9(a)). The trajectory I'; emanates from the sad-
dle point O = (v-(7),0) and reaches A. The two relations Br(cs(7); 7) = Bo(cs(7);7)
and By (cs(7); 7) < Bo(cs(7);7) imply that
0=v-(7) < Brles(7);7) < Boles(7);7) < v4(v)
because of the relation cf(y) < cp(7y). By virtue of this, I's starts out at A and reaches

B. { is determined by the time £,(cp(7y); 7,7). On the other hand, I's emanates from
the saddle point (v4(7),0) and reaches D. Because Br(—cy(7);7) = Bo(—cb(7);7),
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I'y starts out at D and reaches the point O. In this case, we must take m as
mp(cs(7);T,y) = 0o. Let us choose ¢ = &(7) (< eb(v)) close to cp(7). By using
the continuous dependence of the trajectories on ¢ and the relation 8;(—é(7);7) <
Bo(—&(7);7), we know that the trajectories in Figure 9(a) are slightly perturbed and
changed into the ones in Figure 9(b). For this ¢, m is defined by the time my (& (7); 7,7)
and remains finite. Here, define

Lic;t,v) = v@ 05 ¢7,) — Ve (0;¢;7,7)- (3.14)

We see that L is a continuous function of ¢ and satisfies L(&(v);7,7) < 0. L can be
regarded as the distance with a sign from the singular stable manifold to the singular
unstable manifold with respect to O = (v_(y),0) of the systems (3.12a)~(3.12d), which
is closely related to a Melnikov function in [2] or a separation in [6].

Y Y
A > A
T Y r !
) Vo ! Do rz
B (cpivt Gt
" B\ B PGWDL B N
’ 4 S Y
0 By -y 0 / o v.(Y) OFINE B Bo(Enin Ve ()
e &,
B e ynm) T, & {'(?) i
r,\o° T 4 [
' 3 D
D!
@) ®)

1 E Fz
B, (D
 Boler iy

() (d)

FIGURE 9. Trajectories of the singular limit problem for v < 71: (a)

¢ = c(7), (b) ¢ = &(v) < a(y), (c) ¢ =& (V) > c(7), (d) ¢ =
c*(7,7)-

Next, we fix ¢ = &f(y) (> cf(v)) close to cs(7y). Similar to the above analysis,
there exist unique trajectories I'; satisfying (3.12a)—-(3.12d), as depicted in Figure 9(c).
This implies that L(é¢(y);7,7) > 0. Then, by the mean value theorem, we know that
there exists ¢ (7,7) (¢7(7) < ¢ (7,7) < &(7)) satisfying L(ct (m,7);7,7) = 0 (that
is, B = C), which indicates that we can get the solution trajectories I'; satisfying
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(3.12a)~(3.12d) and (3.13). Here £f(7,7) and m}(7,7) are the time £y(c;} (7,7);7,7)
and myp (it (7,7); 7, 7), respectively (see Figure 9(d)). We obtain the following theorem:

Theorem 3.1. For any v < 71 in a neighborhood of P;, there exist parameters
e (r,7) in the interval (cs(7v),co(7)), £ (7,7), and mf(7,7) such that the singular
limit problem (3.10a)—(3,10d), (3.11) has a solution

Vi (zet(ry)im) 2 € (=00, —&H (7)),
Vi (zeh(n)imy) 2z € (=6H(1,7),0),
Vi (zeh(rny)iny) 2 € (0,mf(r,7),
Vil (zch(rn)im,y) 2 € (mi(r,7),00).

Vit (zT,y) =

¢ (r,7) is a singular limit velocity of a P-pulse wave and limt,, £} (7,7) = 00 =
limy 1y, m;' (m,7)-

On the other hand, for any v > 7, we cannot find solution trajectories I'; satisfying
(3.12a)—(3.12d) and (3.13) because for any c in the interval (cs(y),cs (7)), trajectories
emanating from the point O = (v-(y),0) can never return to the same point (see
Figure 10).

FIGURE 10. Trajectories of the singular limit problem for v > 7.

For the singular limit problem of a @-pulse wave:
(V)az = (V) + g(ha (VD) VD7) =0 2 € (=00, -0),
VO (=c0) =vs(7), VI(=0) = Bi(=c;7), (3.15a)

(V) —e(V®), + g(ho(VP), VD7) =0  z€(-£,0),

V(=) = B1(~¢;7), (VD) (=0) = (VV),(-0),

(V®).(0) =0, (3.15b)
(Voo —e(VE), + g(h_(V®),V®;y) =0 z€(0,m),

(V(3))z(0) = 0,

VO (m) = Br(c;7), (VP),(m) = VW), (m), (3.15¢)
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(V(4))ZZ - C(V(4))z + g(h+(v(4))’v(4);7) =0 ¥AS (m» 00)’
V(4) (m) = ﬂI(C; T)’ V(4) (00) = U+(7)a (315d)
and
(VE)(0) = (v¥)(0), (3.16)
let Vq(i)(z; c;7,7) be solutions of (3.15a)~(3.156d). £(m) is determined as a function of

¢, 7, and 7, say £4(c;7,7) (mq(c; T,7)), satisfying (3.15b) ((3.15¢c)). We can show the
following results by using a method similar to the above:

Theorem 3.2. For any v > v in a neighborhood of Pi, there erists a parameter
ch(r,7) in the interval (cp(7),cs(7)) such that the singular limit problem (3.15a)-
(3.15d), (3.16) has a solution

Vil(zeh(r,)imy) 2 € (o0, —£F(r, 7)),

Vi (zef (n)imy) 2 € (—4(n7),0),

Vi (zeh (n)imy) 2 € (0,mf(n,7),

Vi (z5eb(r)imy) 2 € (md(n,7),00),

+( - =
‘/q (Z,T,’)’)—

where £ (7,7) = Ly(cf(m,7);7,7) and m}(1,7) = me(ct(m,7); 7). ¢f(7,7) is a
singular limit velocity of a Q-pulse wave and lim. |, é;‘ (1,7) = 00 = lim, |, m¥ (7,7).

If we get a singular limit P-pulse (Q-pulse) wave V;*(z;7,7) (V;(2;7,7)) with a
velocity c;f(7,7) (¢t (7,7)), then V¥ (=2 7,7) (V;t(—2;7,7)) is a singular limit P-
pulse (Q-pulse) wave with a velocity —cp(7,7) (—cq(7,7)). Then, in a neighborhood
of the point Ps, we have

Corollary 3.1. For any v < 71 (y > m1) in a neighborhood- of P3, there exists
a singular limit P-pulse (Q-pulse) wave V, (2;7,7) = Vf(~27,7) (V7 (%7,7) =

VF (=2, 7,7)) with a singular limit velocity c, (1,7) = —cF (1,7) (¢; (1,7)=—cF (7,7))-

Also, in neighborhoods of Py, Py, or Ps, results similar to the case of P, or P; hold.

Theorem 3.3. For any v < 71 (v > 1) in a neighborhood of P; (i = 2,4,5), there
exists a singular limit P-pulse (Q-pulse) wave V) (2;7,7) (V2(2;7,7)) with a singular
limit velocity c3(7,7) (c3(7,7)).

The above analysis of the singular limit problem of P-pulse or Q-pulse waves shows
that in a neighborhood of each point P; (i = 1,2,3,4,5), there exists a singular limit
P-pulse wave for v < ; and a singular limit Q-pulse wave for v > v;. To prove the
existence of an exact P-pulse or Q-pulse wave solutions of the original problems (3.1),
(3.2) or (3.1), (3.3), as we have seen in §2, we must show the transversality condition

2 L #0 (317)

at each singular limit velocity ¢ (see [4]). Of course, at the point Py, standing front
and back waves with zero velocity coexist. But both waves do not satisfy the transver-
sality condition (see Figure 5(b)). So in a neighborhood of Pj, we cannot show the
transversality condition for P-pulse or @-pulse waves with the aid of these standing
front and back waves (see §4). In order to overcome these difficulties, a more care-
ful and delicate analysis will be required. At other points, say, P, Py, Ps, and Ps,
we can show the transversality condition. For the proof of the existence of an exact
pulse wave, it suffices to show the transversality condition (3.17). But for the stability
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property, it is important to know the sign of the left-hand side of (3.17), which cor-
responds to the crossing behavior of the stable and unstable manifolds with respect
to the equilibrium points for the singular limit problem. We will state this in the
next section. Therefore, we conclude with the following results for local bifurcation
diagrams of traveling P-pulse or Q-pulse waves in the (c,vy)-parameter space near the
points Py, Py, P; and P; (see Figure 11).

Theorem 3.4. (1) In a neighborhood of Py (Ps), a singular limit velocity ¢ = ¢ (7,7)
>0 (c=c,(1,7) <0) (v <7) of a P-pulse wave bifurcates tangentially from the
curve P — Q (Q — P) at v = 71 and a singular limit velocity ¢ = c}(7,v) > 0
(e =c;(1,7) <0) (v > ) of a Q-pulse wave bifurcates tangentially from the curve
Q—P(P—Q)aty=m.

(2) In a neighborhood of Py or Ps, a singular limit velocity ¢ = cg(*r, 7 (v <m)
of a P-pulse wave bifurcates from the curve P — @ and Q — P at v = 7, which
satisfies 3%62(7‘, 71) = 0 and a singular limit velocity ¢ = c3(r,7) (v > 1) of a Q-
pulse wave bifurcates from the curve P — @ and Q — P at v = 7, which satisfies
2.e0(7,71) = 0.
oy ~q

p— P

33

g1
v

e

i

(a) (b

Ficure 11. Bifurcation of pulse waves from front and back waves:
(a) 0 < 7 < Te(m1), (b) 7> 7e(m1)-

For the proof, we must show the transversality condition (3.17) and compute the
value of 5‘9;0(7', ~1) of each singular limit velosity ¢(r,%), which will be done in the
next section.

We note that this theorem is obtained in [6] by using homoclinic bifurcation theory.
We already know the existence of standing P-pulse waves for v < 7; and Q-pulse waves
for v > 1. Indeed, these are equal to ¢ = cg(r, ¥) (¥ <m)and c= 62(7‘, 7 (v > M)
in a neighborhood of P, or Ps of the (c,)-parameter space.

Remark 3.1. In a neighborhood of P, or Ps, cg(’r, v) =0 for v < 7; and Cg(‘T, 7)=0
for v > ;.
4. Crossing behavior for singular limit solutions

In this section, we restrict ourselves to the case v < «;. The case ¥ > 7; can be
treated similarly. We use the notation ¢* (= ¢*(7,7)) in place of ¢f(7,7), ¢, (7,7)
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or ¢3(7,v) for simplicity. £* and m* are the values determined by the singular limit
problem of a P-pulse wave with ¢ = ¢*. We establish the crossing behavior of the stable
and unstable manifolds corresponding to each singular limit solution, which plays an
essential role in proving the existence of an exact solution and its stability property
[4]. Furthermore, we compute the slope of the bifurcated singular limit velocities of
singular limit pulse waves at v = -y; (see Theorem 3.4). For this purpose, we have to
examine the dependence of the parameters ¢, £, m, and y on a singular limit pulse
wave. First, let us consider the problems:

(V(l))zz - C(V(l))z + g(h—(V(l))a V(l);’)’) =0 z € (—o0, 1),
VO (—c0) = v_(y), V(=) =Bi(c;7), (4.1a)

(V). —c(VP), + ghe V), VD7) =0 2z € (-£,0),
V(=) = Br(c;7), (VP).(0) =0, (4.1b)

(V). —e(VY), + g(h (V®),V®:y) =0 z € (0,m),
(V.0 =0, V®(m)=pi(-c7), (4.1c)

(V(4))ZZ - C(V(4))z + g(h—(V(4))7 V(4)§ 'Y) =0 z€ (m7 OO),
V@O (m) = Br(~c;7), V¥ (00) = vy (7). (4.1d)

It is easy to find solutions of (4.1a)—(4.1d) by using the phase plane analysis. Then,
we write the solutions of (4.1a)-(4.1d) as V() (2;¢,£;7), VP (2;¢,£;7), VO (2;¢,m57)
and V®(z;¢,m;7), respectively. Here we do not write the dependence of 7 explicitly
because it is not so important for our analysis in this section. For these solutions, we
have the next lemma.

Lemma 4.1. For any (c,£,m,~) in some neighborhood of (c*,£*,m*,v1), we have the
following relations:

2 o BAVD)(=0) | [T I (VI), ()
%(V( ))z(—& c,by) = I (CV(I))Z(—E) +‘/—oo (V(l))z(—f) ,  (4.2)
2 VOt ) = (VO)u(-0), (43

= (VO)u(=tie,ty) = / z6’°(z”)(V(l))z(z)V(l)(2)d2/ (VO)a(-0,  (44)

9 ey gy 1 Bi (o) ® o A (e b\ (V)
p) 1% 2 (O, Cyzy'Y) - Ai(o, c,E;’y) {(V(Z)I)z(—é) - ‘/_ze Al(zvcaevv)(v ? )z(z)dz},

dec
(4.5)




306 IKEDA

(—%(V‘”)z(—f; ¢, bv) =
Br(c) (V®)..(0) e
(v(z)l)z(_e) {(V(Z))“(_e) — A(05¢,57) (V<2))z(—f)}

e—ct 0
- (V(2))z(_e) {/ee—cz((v(2))z(z))2dz

(VD)) [0 oy i @)
AL (05¢,4;7) _ee Ai(z5¢,6,7) (V) (2)dz ¢

0

1
@(0: 0 f- ) =
3ZV (Ovcaev'Y)

A (0;¢,6;7)’

(V®)..(0 e
A0 e, 57)  (VO®),(~e)

2 VO).(~teti) = (VO)uu(-) -

] 1 0
_V(2) 0’ ,E’ = ———/ | . . (2)
a,y ( c 7) All (0’ c, f; ’)’) i € l(za ¢, e’ 7)V (z)dz,

C_d 0
2 VO)(=tictin) =~ { [ VD@V )iz

(V®)..(0) [°
AL(05¢,457) J_e

9 1 ﬂl(_c)
“v@)n. . = L
2V (0;¢,m;7) A;(O;c,m;'y){(V(a))z(m)
+ / e™% Aa(z;¢,m; '7)(V(3))z(z)dz} ’
0
0
55 (V) (mic;miy) =

Br(=c) (V®),.(0) om

- (T/W {(V(3))zz(m) t Heay) (V(3))z(m)}
L me-—cz (3) 2 2 .

V@), (m) { | e @Oy

(V). [

—C2 A (e o N ()
AL e, min) Jo © Aaziemim)(V )Z(z)dz}'

0 1
— v®p: )= =
6 V (07 C, m! 7) 14/2 (0; C, ; ’)’) b

(V(a))zz (0) . e
A (0;¢,m;) (V). (m)’

%(V(s))z(m; e,m;y) = —(V®),.(m) -

E%V@ (0;¢,m;7) = =6 Ag (2 ¢,m; 1)V O (2)dz,

1 m
A5(0; ¢, m; ) /0 ¢

e Ay (50,4 7)V(2)(z)dz} ,

(4.6)

(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)
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2 (VO)ulrms51) = Gy { [ e .0V e
(3) m
% A e~ Ay(z;¢,m; ’y)V(3)(z)dz} , (4.16)
6 7(— V(4) zz
BV )tmicimi) = -
® e l==m(V),(2))%d
A v e S T
;n;(v<4))z(m; e;m;y) = —(V®)..(m), (4.18)
%(V(“’)z(m; ¢,m;7) = — / " TV ()V D)z (4.19)

m (V®):(m) ’

where

et = (V). [ e eV(VO), (1) 2y,

As(ze,m;) = (V). (2) / " e? (V) (y))*dy,

and A} = %Al, b= %Ag. Moreover, we used the relation g(u,v;y) = u — yv.

The proof will be given in the Appendix.
Put

P(c,8;7) = (V) (=ic, 67) — (V). (=8¢, 87),
Q(c,6,m;7) = (V)(0;¢,67) — (V®)(0;¢,m;7),
R(c,m;7) = (V®),(m;e,m;) — (VP).(m; e, m; ).

From the relations (4.3), (4.8), (4.14), and (4.18), it follows that
o] 0
—_ cy) = (VD) —l-c. 0 (VO (—p:c. b:
aZP(C,f,’Y) (Vi) 2=, 857) + 6E(V )2(=;c,67)

0
+ (V(2))zz(—e; c, ¢ '7) - &(V@))z(_e; c, ¢ 'Y)

— (V(2))zz(0) e
= A0ty VO)L(=g <

0 0
i cx) = (V) . . = (v®) . .
o R(e,m37) = (V) (s 0,m59) + 5= (V). (ms 0, mi )

0
= (V) sa(mic;min) = 5— (V). (mi c,m;)

(V(3))zz (0) e

= Ao my) VO m) <

(4.20)
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Then £ = {(c;y) and m = m(c; ) are uniquely determined such that P(c,£(c;~);7) =
0 and R(c,m(c;7);7) = 0, respectively. Furthermore, by Lemma 4.1, we find that

0 2 p(c, ;v
Sty =-BrCE)
c 5520, 67) le=e(e;)
)
o —P(C, é; 7)
HleN =-S5
Y —P(C f’)’ £=£(c;7)
o op ¢, m;y
R e
¢ R(C, m; 7) m=m(c;vy)
0 ﬂR( ) ’7)
Somie;y) = — G ,
87 ( %P(C’ m; 7) m=m(c;vy)

where
9 . _nl (V(l))u(_e) (V(2))zz(_f)
%P(C, ea 7) - ﬂI(C) { (V(l))z(_e) - (V(z))z(_e) }
S OV D),(2))%dz [0, e (VD). (2))%dz
(V). (-0) (V@) (-0)

(V®)..(0) . e { Bi(c)
A (05c,67) (V@) (=0) L(V@).(-0)

0
- [ aet v)(v@))z(z)dz},

-0

+

5 eI VW). (VD ()ds [0, e HOV D), (2)V ) (2)dz
VO).(=0) Vo). (-0)

_ (V®).:(0) /O —c(zH) A (e e (D)
AL(05¢,87) (V@) (=0) ¢ Ai(z5¢,4,7) V¥ (2)dz,

0
.6_’)’P(c, e, 7)

9 e = — 3 (V®)zz(m)  (VW),.(m)
getemin) =519 { {gmy iy~ (e )

e emm (VO (2)2dz [ e e=mI (V) (2))%dz
V). (m) * V). (m)
+ (V(3))zz(0) . e {_ ﬁ}(_c)
A5(05¢,m5y) (V) (m) | (V®),(m)
- [ et c,m;v)(vm)z(z)dz},
S emeemm (VO) (VO (2)de | [ emoE=m) (V@) (2)V D (2)dz
V@), (m) * V@), (m)
B (V(3))zz(0) ‘ /
A0c,miy) (VO).(m) Jo

Finally, let us define ¢ = c(7y) satisfying
Q(c, U(c;7), m(c;7);7) = 0. (4.21)

+

0
a_,yR(c’ m; 7) -

eC™™) Ay (2;¢,m;7) V) (2)dz
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Note that the left-hand side of (4.21) is equal to L(c;~y) defined in (3.14). We know
that ¢(y) = ¢*. Our purpose is to evaluate

0 1y 92, 0L 99 om 0Q

ZL(c*v) = =X 4+ = . .
e (C 1’7) ac + e ot + 9c  om e bt (4 22)
and
d . . 2ZQ+&e-5Q+E&m ZQ
€ M=-3 5,.0 ] ] (4.23)
v 3@+ 3l g1@ + 5™ g @ le=ce o=+ m=m-
Components of the above expressions are evaluated from Lemma 4.1 as follows:
4 1 Bi(c) ° -
il . — _ cz A (5 . (2)
Qe timi) = g { g — [, e 6 (V). )
1 ﬂ;(_c) /rn —cz . . (3)
+ A’2(0; c,m; 7) { (V(3))z(m) o e AQ(Z,C, m; ’Y)(V )Z(’?':)d‘z )

0 1 0 1
ézQ(C,f,m,’Y) = A0 67) %Q(C»E»mﬂ) = T A0 0mi )’

7] 1 o
57 = " E e ) / L& Az bV ()
1Y —
1 m
ey ¢ A emV O
2 1< bl 0
Thus, we have

) ey 02, 0 99 om 09
3L =50t 5 a0 T Be om

c=c* £=L* m=m*

! { Brle) /0 e 2 Ay (2 ¢, 05 7) (VD) (2)dz + ge}

T A0, ) \ (VD) (=) e
N 1 {_ Bi(=c")
A5(0;cx,m*;y) | (V®),(m*)

*

- / " e Ay (st ) (V). (2)dz %’—’—’}
0
V) T JVD) (=) (V) (—£7)
T VO et [ﬂ’(c ){ VOV ()~ (VD) () }
f__:: e~ ) (VD) (2))2dz f—oe* e—c*(z+e*)((V(z))z(z))zdz
(VD) (=e%) V@), () ]

_VEOEm) [ [V D)) (VD). ()
VI (0o s T - T )

Rl (AN O) P <z-m‘>((v<4>>z<z>>2dz]

+

0 m

(V)2 (m*) (V®),(m)

+
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__ GBl
V'z(f) (O)e—c"l‘

o € (VD),(2)) %2 + [, e (V) (2))2dz
{- g -1}
G|Bs]
wg)(o)ec*m‘
m* _c*(z2—m*) ((1/(3) 24, © —c*(z-m*) ((74))_(2))2dz
{_ﬂ}(_c,,)_fo e (V®).(2)) da[};z{""e (V¥):(2))%d }

where G[Bi] = {g(h+(8:), Bi;7) — 9(h—(B:), Bi;7)} > 0 (i = 1,2). Unfortunately, we
cannot evaluate the values of %L(c*; v) and %0(7) for arbitrary - for which traveling
front and back waves coexist. But we can do that in a small neighborhood of v; with
the aid of the properties of traveling front and back waves. First of all, noting that £*
and m* tend to infinity as 7 tends to 3, we have the following asymptotic properties:

(V®)22(05¢*,£%57) = (V{22 (€55 ¢, 1) (1 + 0(2))
c*—y/c*2—-4J; (v *

=O(exp( S +( +(7))£ )),
(

(V). (0;¢*,m*;7) = (Vi )ea(—m*;¢*57,7) (1+0(1))
— O(exp c"+v/ 0‘2—24J+("+(’Y)) (_m*))) ,

as y — 71, and

VA (z = ¢ 057) = Vi (¢ 17)(1+0(1))  uniformly in (—oo0,0],
(V). (2 = €55, %5 y) = (V7 )a(z5¢57,7)(1+ o(1))  uniformly in (—oo, 0],
V(2 — %5, 8%9) = Vi (2565 7,7) (1 + 0(1))

uniformly on any compact set in [0, co),
(V@) (z = 05,07 9) = (Vi) (25 ¢%57,7) (1 + o(1))

uniformly on any compact set in [0, 00),
VO (z 4+ m* ", m*y) = Vi (2;¢%57,7) (1 +o(1))

uniformly on any compact set in (—o0, 0],
(V)2 (z +m*5¢*,m*9) = (V7 )a(z5¢737,7) (1 + 0(1))

uniformly any compact set in (—o0, 0],
V®(z 4+ m*;c*,m*;y) = Vit (z;¢*;7,7)(1 + o(1))  uniformly in [0, 00),
(V).(z +m*;c*,m*;7) = (V3)=(2:¢%57,7) (L + 0(1))  uniformly in [0, c0),

as vy —> -1, where Vfi(z; ¢;T,7) and Vbi(z; ¢; T,7) are the functions defined in §2.4
and J4 (v) = gu(hs(v), v;7)h (v) + gu(h4(v),v;y) < 0. Then, when ~ tends to v,
using Remark 2.1, we can evaluate the above functions as follows:
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O Loty = 22 0L 0@ Om 9Q
5N =53 %5 3 T ac om S
- [(Vf+) G([Zl)]e-cw {Bo(c™s7) = Br(c™)}
+ G[ﬁ2] {,8’ ("c*. )"ﬁl(— *)} (1+ (1)) (4 o4
(‘/b—)zz(“‘m*)ec'm* o Y (—c o ) . )

Here we should note that the first part in (4.24) comes from the transversality condition
of the front wave and the second comes from that of the back wave. Furthermore,
noting that

(Vf+)zz(e*)e-—c‘e‘ _ O(exp<—c‘—\/c*2;4J+(v+(’7))£*)) (< 0),
(Vb—)zz(_m*)ec*m‘ _ O(exp(c‘—\/c*2—4.]+(v+(“/))m*)) (< 0),

2

we find that the first (second) part in (4.24) is dominant when ¢* > 0 (¢* < 0). Thus,
for v in a small neighborhood of P;, P; or P,

0 Ly = 02, O 00 om 0Q

5N =5 Yo o T om| <P (4.25)
and for v in a small neighborhood of P,

0 ey 2 02, 00 00 om 6Q

5N =%c Yo e T om| 7 4

Thus we have the following theorem:

Theorem 4.1. Bifurcated pulse waves at P1, P, and Ps have the crossing behavior
with %L(c*) < 0 and ones at P, have the crossing behavior with %L(c*) > 0. (See
Figure 11.)

Next, let us consider the following quantity:

0Q ot 0Q om 0Q

oy Ty e Ty om

c=c* =£* m=m*

-1 {—/0 e~ Ay (z;¢*, £557) (VD) (2)dz + —8—4}
AL (05 ¢, 8%57) e o i %

1 m —c* 8m
_ z A (2 c*.m*: (3) -
T A ML VONC P o)

]‘ —e‘ __c* z *
= —(V(2))zz(0)e-°“f‘ {/_ e—c (=+£ )(V(l)),(z)V(l)(z)dz

0
+ / e-C‘<Z+f*>(V(2)),(z)V(2)(z)dz}
oy

*

1 " —c*(z—m*
- Vo). 0)ee {/0 e ( )(V(S))z(z)V(a)(z)dz

N /oo e_ct(z—m‘)(v(4))z(z)v(4) (z)dz}

m*
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=" [(vf’“)zz(z*)e—c*f* {/_(; VDV @iz
+ /;O e‘c*z(Vf"')z(z)Vf"'(z)dz}
1 {/ D e () ()

e U
+/0 e"c*z(Vb"')z(z)V;,"'(z)dz}] X (1 +o(1)) asy—m. (4.27)

If ¢* > 0 (c* < 0), the first (second) term of equations (4.24) and (4.27) is dominant.
Then

d 4
50 (’Y)

="

{ S0 V)V (2)dz + [° e Z(Vf+)z(z)vf+(z)dz}’(l
G[B1] {Bb(ct;m) — By(ch)}

+0(1))

and
d

{f e (V) (Vs (2)dz + [ €™ (Vi) (2) Vit (2)dz }
G[ﬂ2] {ﬂo( Cp a’)’l) ﬂ[(_c;)}
On the other hand, note that the curve ¢ = c¢(y) was determined by the relation
Br(c) = Bo(c; ).

Then, substituting ¢ = c¢(-y) into this relation and differentiating with respect to v,
we have

(14 0(1)).

9, = P
oy T B0 = Bo(6 M) lemey ()

Remark 2.1 implies that

7% (1) =-cs(7)
7 Y=" 87 Y=71
Similarly, we have
d _ o
—c = —c¢
AL () > 5(7) -

If ¢* = 0 in (4.27),
0Q 90 8Q  om 8Q

oy ot T oy om =0.

c=c* £=L*m=m*,y=m
Therefore, we get

=0.

T=7

d o



SINGULAR PULSE WAVES IN BISTABLE REACTION-DIFFUSION SYSTEMS 313

5. Concluding remarks

In this paper, by analyzing the singular limit problem of the reaction-diffusion system,
we proved Theorem 3.4 (see Figure 11). That is, in a neighborhood of P; (i = 1,2, 3,5),
P-pulse waves and @-pulse waves bifurcate at v = ;. A more detailed proof of the
existence of an exact solution will be given in [4]. There, the transversality condition
will play the essential role. Also in [4], stability properties of these traveling pulse
waves are discussed with the aid of Theorem 4.1. Applying singular perturbation
methods to the linearized eigenvalue problem leads to the algebraic equation G(\;y) =
0 relating the eigenvalues A and the parameter 4. Finding roots A satisfying G(\;v) =
0 is equivalent to solving the linearized eigenvalue problem. When v = 41, a traveling
pulse wave is separated into a traveling front wave and a traveling back one. Then,
the distribution of roots satisfying G();+1) = 0 depends on the stabilities of the front
and back waves. That is, for example, if the front and back waves are both stable
(unstable), G(A;71) = 0 has double zero roots and double negative (positive) roots \*
(see Figure 12(a-i), (b-i)). When 7 is slightly perturbed from v = +;, how does the
distribution of the roots satisfying G(X; 1) = 0 change?

Gy Gy)

L* 0 A 0 M
Gir) (a-1) (a-ii)
Gy :
: Gy)
N\
0 2* A 0 ' A
(b-i) (b-ii)

FIGURE 12. Distribution of eigenvalues: (a) stable front and stable
back waves: (i) ¥ = 71, (ii) ¥ ~ 71, (b) unstable front and unstable
back waves: (i) v =1, (ii) v ~ 7.

Two nonzero roots still stay in a neighborhood of A*. Moreover, due to translation
invariance of a traveling pulse wave, we find that G();v) = 0 has one zero root which
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remains after the perturbation of 4 from 7;. Therefore, the most important problem
is to determine the sign of the eigenvalue which is perturbed from the other zero root
for the case v = ;. For this problem, we have the relation

sgn {%G(O;v)} = sgn {—%L(C*;v)},

where %L(c*; 7) is the crossing behavior given in Theorem 4.1 (see Figure 12). Thus,
we can show that one traveling pulse wave which bifurcates from the intersecting point
of a stable front wave and a stable back one is stable, and other types of traveling
pulse waves are unstable. That is, traveling pulse waves which bifurcate at P;, Ps,
and Pj are stable, and ones at P, are unstable. Generally speaking, the stability of a
traveling pulse wave is determined by the following two items: the first is the stability
of front and back waves, which become parts of the pulse wave. The other is how to
connect two parts, which comes from the crossing behavior of the stable and unstable
manifolds.

Let us revise Figure 11 to give the diagrams of the relation ¢ versus 7. Then we
obtain Figure 13.

(@) ®)

FIGURE 13. Singular limit velocity curves ¢ versus 7: (a) traveling
front and back waves at v = 71, (b) traveling pulse waves at v ~ ~;.

The label “s” means stable and “u” means unstable. Finally, we note that the
dimension of the unstable manifold of the unstable standing pulse wave is equal to
three. Figure 13(b) suggests that traveling pulse waves bifurcate from standing pulse
waves at 7 = 7,. But numerical simulations indicate a more complex situation in the
neighborhood of 7 = 7. This is a problem to be considered in the future.

Appendix

Proof of Lemma 4.1. We only show the relations for the solutions V(l)(z; ¢ 4;)
and V®)(z;¢,£;) since the other cases can be obtained similarly. Using the variable
y = 2 + £ and putting w(y; c;v) = VW (y — £ ¢, 4;7), (4.1a) may be rewritten as

Wyy —cWy +h_(w) —yw=0 y€ (-0,0)=R_,

w(—o0) =v_(7), w(0)=pr(c), (A1)
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where we used the relationship g(u,v;y) = u — yv. Differentiating (A.1) with respect
to ¢, we find that p = %‘;" satisfies

Pyy“CPy+{h’—(w)—’Y}P=wy yeR_,
p(=00) =0, p(0) = Bi(c)-
Then p is explicitly represented as

/ 0 z
p(y;cv) = %%(1%)@ — wy(y) / e (wq(z)) / e (wy(t))*dtdz.

—00

Therefore, differentiating by y and replacing w by V), we find that
0
g(V(”)z(—e; ¢,83) = Br(©) (VD)oo (=0)/ (V). (=0)

+ / e (), (2)2dz (VD). (-0)

o]

Similar to the above, we have

9 £
7y (Va(=tic,tim) = / e VD). (VD (2)dz/ (VD) (=0).

—0o0

If we differentiate w(y;c;y) = VW (y — £; ¢, £;y) with respect to £ and put y = 0, we
have

2 (). (e, tim) = (V). (=),

Next, we consider the problem (4.1b). p = %(21 satisfies the equations

pex = pe + {W (V@) —7}p=(V®).  z€(-00)
p(=£) = B1(c), p=(0)=0. (A.2)
Let us define two functions
A(z;¢,679) = (VD). (25¢,47) / eV (V) (y;¢,47)) " *dy,
V4

(V®),.(0;¢,47) A1 (z5¢,67)
A (05¢,45) '

where A7(0;¢,47) = £ A1(0;¢,47) > 0. We easily see that

Bi(zie,67) = (V). (56, 657) —

Al(z; c, Z, ’Y)Bl(y’ c, ea A/)’ —£ <z<y
G(zy;647) =
(2 05¢,47) {Bl(z;c,ﬂ;’y)A1(’y; b)), y<z<0

is the Green’s function for the problem
(e"czpz)z +e~% {h'+(V(2)) - 7}p =0, z € (=¢4,0),
p(=€) =0, p.(0)=0.
Using this Green’s function, we can find the solution of (A.2) explicitly:

Bi(z;¢ ¢ 0 —c
bl 6m) = B B8 - [ Glaygietim)e V), 1)
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From this formula, the following two relations hold:

F 1 { Bi(c)
8cV (O,C,f,’)’)—All(O;c’e;'y) (V(Z))z(_e)

0
- / e~ “A1(z;c, 4 7)(V(2))z (z)dz},
-2

9 PR /100 (V®)..(0) e
b—c(vm)z(—f, ¢ by) = m {(V(Z))n(“e) CA0;c,57) (V(Z))z(—f)}

—ct

e 0
- e

V) [0 e
A (0ic,t) )¢ AEeENVT).(dz .

Similar to the above, we have

4 1 -
aV(”(O; c b)) = _M/—ee Al(z;caf;’Y)V(2)(z)dZa
- 0
E(V@))z(—é;c b)) = _L {/ e~ (VD) (2)VP(2)dz
0y ” (VE)2(=0) 1J-e

V@), 0) [°

A1 (0;¢,45) ze_CZAl(Z; © Z;'y)V@)(z)dz}'
1\ = %y -

Finally, we consider the dependence of ¢ on V(2)(z; ¢,4;7). Because £ depends on the
interval (—¢,0), using the variable y = z/¢, we rewrite (4.1b) in the following form
where w(y; ¢, 4;7) = VO (Ly; ¢, £ 7):

Wyy — clwy + 2 {hy(w) —yw} =0  ye€(~1,0),
w(=1) = Bi(e), w,(0) = 0.

Then ¢ = %—'g satisfies

Qyy — clagy + 2 {h (w) =7} g = cwy — 20 {hy(w) —yw} y € (-1,0),
q(-1)=0, ¢ (0)=0. (A3)

Here we rewrite (A.3) using the original independent variable z again. Differentiate
the relation

w(y; e, &) = VO (ly;e, 7)) (= VO (2¢,67))
with respect to £. We have
v @)
a5 e 657) = (V) (bys e, 1)y + —5— by e, £57)-
Furthermore, we make use of the relations
0
ay Wi e 6) = (V). (bys e, )by + (V) (Lys ¢, 6) + 51V (ys e, 6t
QWi e, 67) = (V). (bys ¢, £,7) 2y + 2(VD) .. (Ly; ¢, £;7)2
0
“v(®@ cn fe NP2
+ 6£(V )Zz(eya C, ev 7)£ .
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av®

Let p = “5;—. (A.3) may be rewritten as

Dzz —sz+{ Q_(V(z))—'y}p=0 z € (—¢,0),
p(—£) = (V®),(-8), p.(0)=0.

Then, we see

(2) 2)Y (—p-p p- e )
__age (zi¢,67) = AL Be,(c,ﬁ: Z )f ;gz’c’ cul Bi(z;¢,4;7),
I\T4H 64,
from which we have
0 1
VP (05¢,67) = Z7——
pr” OV = TGy

(V(z))zz (0) e
A0, ) (V@) (=8)

DOt tin) = (V).u(-0) -

Thus the proof of Lemma 4.1 is completed.
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