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Abstract

We consider some class of singularly perturbed nonlinear parabolic prob-
lems in the case when a solution with an interior layer changes into a solution
having only boundary layers. Analytical results on this phenomenon are com-
pared with numerical studies of some examples.

1 Introduction

We consider the scalar singularly perturbed parabolic differential equation

O*u  Ou
2 - — — =
€ (axQ 8t) flu,z,t), z€(0,1), t>0, (1.1)

where ¢ is a small parameter, with the initial condition

u(z,0,6) = u'(z,e), 0<z <1, (1.2)

and the boundary conditions of Neumann’s type

%(O,t,s) = %(1,t, e)=0, t>0. (1.3)
It is well known that the boundary value problem (1.1), (1.3) in general has solu-
tions exhibiting for small € boundary layers (i.e., there are small regions near the
boundaries £ = 0 and z = 1, where the solutions rapidly change) and/or interior
layers (i.e., there are small regions in the interval 0 < z < 1, where the solutions
rapidly change). We call solutions of (1.1), (1.3), which have only boundary layers
as pure boundary layer solutions, solutions possessing an interior layer are said to
be contrast structures (see, e.g. [1]).

The case that the type of the solution changes with increasing time has been con-
sidered for the first time in [2]. Such solutions has been called alternating contrast
structures. The paper [2] contains numerical investigations of alternating contrast
structures and some analytical interpretations. The first rigorous results about al-
ternating contrast structures can be found in [3].

The focus of this paper is, after some numerical motivation, on the analytical inves-
tigation of the initial-boundary value problem (1.1)-(1.3) with periodic right hand
side in the case that a solution with an interior layer exists which moves to the
boundary = 1 or z = 0 and changes its type to a pure boundary layer solution
when the interior layer arrives at the boundary.
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2 Formulation of the problem

We consider the initial-boundary value problem (1.1)—(1.3) under the following as-
sumptions:

(Ag) f: RxRx R— Randu’:[0,1] x [0,e0] — R are sufficiently smooth, where
g£o is some small positive number.

(A1) There is a positive number 7" such that

flu,z,t) = f(u,z,t +7T), (u,z,t)€ RXRXR.

(Ay) The degenerate equation
flu,z,t) =0
has in R X R x R exactly three roots u = ¢;(z,t), i =0, 1,2, satisfying

(i) ¢i: R x R — R is sufficiently smooth and T-periodic in ¢ for i = 0,1, 2.
(i) @1(z,t) < po(z,t) < pa(z,t) (z,t) € R X R.
(ili) L(pi(z,t),7,t) >0 i=1,2, and (z,t) € R x R.

Now we introduce the T-periodic function z((t) as an isolated solution of the equa-
tion

I(z,t) =0,
where
p2(z,t)
I(z,t) = / f(u,z,t) du, (2.1)
p1(z,t)
and
ol

The function z((t) plays an important role in studying contrast structures as solu-
tions of the initial-boundary value problem (1.1)—(1.3). As a contrast structure of
step-type we denote a solution u(z,t,¢) of (1.1)—(1.3), which stays for small € near
o1(z,t) (p2(z,t)) for z < zo(t) and near py(z,t) (¢1(z,t)) for z > xy(t). Thus, the
solution u(z,t,€) changes rapidly near z(t) from ¢;(z,t) to ps(z,t) (from @o(z,1t)
to ¢1(z,t)), that is, there is an interior layer in a neighborhood of z,(t), and the
point z(t) itself is called a transition point. It is known [4] that if z((¢) satisfies

0<z(t) <1 Vtelo,T], (2.2)

then under the assumptions (A;) — (A42) there is an asymptotically stable periodic
contrast structure of the boundary value problem (1.1), (1.3), where the transition
point z,(t) moves periodically in the interval (0,1). Hence, if we assume that the
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initial function u°(z, €) has a step form whose transition point &, is sufficiently close
to z4(0), then the solution of the initial-boundary value problem (1.1)—(1.3) tends
to a periodic contrast structure.

In case that the inequality (2.2) is not fulfilled, that is, z¢(t) passes either the
boundary z = 1 or £ = 0, then the results obtained under the condition (2.2)
in general will fail. Some numerical investigations and formal analytical treatment
described e.g. in [2] suggest that if the condition (2.2) is violated, then new processes
with different time-scales arise during some transition period and a change of the
type of contrast structures.

In this paper we will investigate the initial-boundary value problem (1.1)—(1.3) under
the assumptions (Ag)—(Asz), but in contrast to (2.2) we suppose that zo(t) crosses at
some moment the boundary. Especially, we will study the transition of a solution
u(t,z,e) of (1.1)-(1.3) from a contrast structure of step type to a solution, which
has only boundary layers. In the next section we present some numerical studies
to our initial-boundary value problem (1.1)—(1.3) which show this change and the
occurence of transition processes with different time-scales.

3 Numerical studies

For numerical investigations we consider the following right hand side of (1.1)

flu,z,8) = [u— ()] [u = pa(2)] [u = @o(z, 1)),
wo(z,t) = —0.5z + 0.63sin(t + o) + 0.25,
¢12(z) = F[(z —0.5)*+0.75].

The constant o will be specified in the following subcases, furthermore we set €2 =
1073,

In each of the following figures the solution u(z,t,¢) is represented for fixed ¢ by a
boldface curve. The graph of the function g (z,t) for fixed ¢ is depictured by a thick
dashed line, the graph of the functions ¢; and ¢, are represented by thin dashed
lines.
We note that when the right-hand side of equation (1.1) is given by (3.1), then we
have

1(@,1) = 3lor(a) ool 1)

such that I(z,t) = 0 is equivalent to the equation ¢o(z,t) = 0. Thus, to given ¢, the
point z(t) represents in all pictures the intersection point of the curve u = ¢y (z, t)
(thick dashed line) with the z-axis.

In Fig. 1, where we have a = 0, the initial function u°(z) = —sin(27z) intersects
the z-axis in the interval (0,1) in the point &, = z¢(0) = 0.5. After a very short
time interval, the solution takes the form of a step. This process will not be studied
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Figure 1: Slow passage.

in that paper. Figure 1 shows that this step moves to the right together with the
transition point z,(¢). That means that the velocity of z((¢) defines the velocity
of the step moving to the right. By numerical evidence we denote this process as
slow transition. After some time, z((t) passes the boundary z = 1, and the contrast
structure of step type changes into a solution which is located in [0, 1] near ¢ (z)
and has only boundary layers.
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Figure 2: Fast-slow passage.

In Fig. 2, where we also have a = 0, the initial function u°(z,€) has the form of a
step intersecting the z-axis in the point £o = 0.25, where the difference z((0) — o =
0.5 —Zy = 0.25 is not small. In that case, according to the numerical results, we can



distinguish a short time interval, where the solution u(z, ¢,€) moves to the right with
a high velocity, which is much larger than the velocity of z(¢), until its transition
point reaches z4(t) (approximately at ¢ = 0.08). Then its behavior can be described
as in Fig. 1, that is, it approaches slowly the root ;. Thus, we call this case as
fast-slow transition.
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Figure 3: Fast passage.

Fig. 3, where we have a = 5, is characterized by the fact that the point z,(0) is
located outside the interval [0,1] in the region z > 1. The initial function has the
form of a step and intersects the z-axis in the point £, = 0.5. From Fig. 3 it follows
that the step in the solution u(z, ¢,e) moves fast to the right in the direction of z(t).
When the step has arrived the boundary z = 1, then the solution changes to a pure
boundary layer solution located near ¢;(z). This case is called fast transition.

4 Preliminaries

The proof of our results presented in the sections 5 and 6 is based on the technique of
lower and upper solutions. For the convenience of the reader we recall the definition
of these functions and the corresponding basic result. Let

D:={(z,t):0<z<1,0<t<T}, I, ={0<e<eg}.

Definition 4.1 Let a(z,t,¢) and B(z,t,¢) be functions continuously mapping D x
I., into R, twice continuously differentiable in x and continuously differentiable
int for (z,t) € D. Then a(z,t,e) and B(z,t,€) are called ordered lower and upper

solutions of (1.1)—(1.3) fore € I, if they satisfy fore € I, the following conditions:

1° a(z,te) < B(z,t,e), (z,t) €D, (4.1)
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4° afz,0,¢) < u’(z,e) < B(z,0,¢), z €[0,1]. (4.4)

It is known (see, e.g., [8]) that the existence of ordered lower and upper solutions
implies the existence of a unique solution u(z,t,¢) of (1.1)—(1.3) satisfying

a(z,te) <u(z,te) < B(z,t,e).

Remark 4.2 In case that a and (3 are only picewise twice continuously differentiable
with respect to x, we have to ensure that the first derivatives of o and 3 with respect
to = satisfy the following inequalities for 0 < Z(t) < 1

g—z(f(t) 1 0,te) > g—z(f(t) —0,t,¢) (4.5)
%(E(t) +0,t,¢) < %(:ﬁ(t) —0,t,¢) (4.6)

Under the assumptions (Ag)—(As), the existence of two different asymptotically sta-
ble periodic solutions to the boundary value problem (1.1), (1.3) has been proven
in [4], where one of these solutions tends to the root ¢;(z,t) as € tends to zero, the
other one tends to ¢y(z,t). This result has been established by means of the tech-
nique of differential inequalities. The following version can be obtained by applying
simplified lower and upper solutions than used in [4].

Proposition 4.3 Suppose the hypotheses (Ag)—(Az) to be valid. Then there exists
a sufficiently small positive number €y such that for 0 < € < gy the boundary value
problem (1.1), (1.3) has at least two T-periodic solutions u;(z,t,€), i = 1,2, which
are asymptotically stable and satisfy for any fized (z,t) € [0,1] X R

ll_r)l(l)u,-(x,t,s) = @i(z,t), i=1,2.
For i = 1,2, the region S} defined by
Sl ={(u,z,t) s ps(z,t) —ve <u < pi(z,t) +7e, 0< <1, 0<t < T},

where v is some positive constant, belongs to the basin of attraction of u;(z,t,¢).

The periodic solutions established in Proposition 4.3 do not have any interior layer
for sufficiently small € though they will have boundary layers (the functions ¢;(z, t)
will in general not satisfy the boundary conditions (1.3)).

To be able to formulate conditions ensuring the existence of a periodic solution to
the boundary value problem (1.1), (1.3) with an interior layer we use the function
I(z,t) introduced in (2.1).



(A3) The equation
I(z,t)=0

has in [0,1] X R a unique smooth T-periodic solution z = z,(t) satisfying
vVt € (0,7

(i) 0 < mp(t) <1,
.o\ OI(zo(t),t
(i) *2A <o.

Under the hypotheses of Proposition 4.3 and the additional assumption (Aj), the
existence of a T-periodic solution to the boundary value problem (1.1), (1.3) with
an interior layer has been proven in [4]. The following result is valid.

Proposition 4.4 Under the assumptions (Ag)—(Az), (A}) there exists a sufficiently
small positive number ey such that for 0 < € < g, the boundary value problem (1.1),
(1.3) has at least three periodic solutions. Two of these solutions are described in
Proposition 4.3, the third solution uz(z,t,e) represents a periodic contrast structure
which is asymptotically stable and satisfies for fized (z,t) € [0,1] x [0, T

. | ez, t)  for 0 <z < z(t),
lg}r&u;:,(x,t,e) N { pa(z,t)  for () <z <1,

i.e., it has an interior layer near zo(t).

The proof of this theorem is also based on the technique of differential inequalities.

Remark In the case that the condition (ii) in assumption (Aj) will be replaced
by the inequality % > 0, then we can prove analogously the existence of a

periodic contrast structure uy(z,t, ) satisfying

pa(z,t) for 0 <z <zy(t),
(

£%u4(x,t, €)= { p1(z,t) for () <z <1,

In the next section we will consider the initial-boundary value problem (1.1)—(1.3),
where we assume that z,(¢) will cross the boundary z = 1.

5 Slow transition from a step type contrast struc-
ture to a pure boundary layer solution

In the sequel we consider the initial-boundary value problem (1.1)—(1.3) under the
additional assumption



(A3) The equation
I(z,t)=0
has in R X R a unique smooth T-periodic solution z = z((t) satisfying
-\ OI(zo(t).t)
(1) =% <0
(ii) 0 < z0(0) < 1.

(iii) There is a number ¢; >0 such that dzst(t) >0 for ¢t € [0,t], and zo(t;) > 1.

Our goal is to prove that the initial-boundary value problem (1.1)—(1.3) has a unique
solution u(z, t, €) tending to some asymptotically stable periodic solution as ¢t — oo if
the assumptions (Ag)—(A3) hold and if the initial function u°(x, ) has some internal
transition layer.

The proof is based on the method of ordered lower and upper solutions. For this
purpose, we construct ordered lower and upper solutions «(z,t,¢) and (B(z,t,¢)
respectively for the boundary value problem (1.1), (1.3), which have an internal
layer of step-type near zy(t) as long as z,(t) belongs to the interval 0 < z < 1.
The condition on the initial function will be formulated by means of the constructed
lower and upper solutions.

According to assumption (A3) there are a small positive number §, and a number
to such that 0 < z4(0) < zo(t) <1 — 4y for 0 < ¢t < t5. Now we construct lower and
upper solutions to (1.1)—(1.3) for 0 < ¢ < t, as in [4]. The lower and upper solutions
are functions connecting the roots ¢;(z,t) and @q(z,t) by means of a transition
layer whose position at the moment ¢ is defined by the function z((¢). Hence, we
have the following structure of a and (3 (see [4]).

alz,t,e) = uga(z,t) — ve + Qoaléa,t) + €Qra(€a,t) — (e 4 e7%1), (5.1)
Blz,t,e) = wugp(z,t) +ve + Qup(€s,t) +eQip(Es,t) +e(e ™ e 1), (5.2)

Here, the functions ug, and g are related to the roots ¢; and ¢, as follows
- p1(z,t) for 0<z<
00 "7 po(z,t) for z4(t) <

| pi(z,t) for 0<z<z
e = o(z,t) for zp(t) <z <

where the functions z, and zg are defined by
To(t) == zo(t) + 90, z5(t) :==zo(t) — 6,

here ¢ is a sufficiently small number independent of € and satisfying 0 < § < dy.

The functions Qo and Qig,¢ = 1,2, are interior layer functions characterizing the
transition from ¢; to @s. To their definition we have to consider the following bound-
ary value problem for ordinary differential equations depending on the parameter .
Qop(€p, 1), where g is defined by &g = (z — z4(t))/e, is the solution of the problem
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d?Qy,
& = SO0+ Q.0 Br & <0 -

Qus(0,t) = wo(za(t),t) — ¢1(zs(t),t), Qug(—00,t) =0.

Under the assumptions (Ag)—(As) this problem has a solution Qg4(&s,t) defined for
€3 < 0 and ¢t > 0 which exponentially decays for decreasing &g (see, e.g., [6]). The
function Qg is the solution of the problem

d*Qgy
a = e+ Qa0 for g >0 -

Qip(0,t) = wo(za(t),t) — a(zp(t), ), Qgs(oo,t) =0.

The functions Q15(€s,t) and Q(£s, t) are defined as solutions of the boundary value
problems

d?Qy,

= R0 Qe n.000 T ) br &<0
Qfﬂ(o’t) = - Qfﬁ(_ooat)zoa
and

d? +

= B0, + Qn.00 thE), o &>
Tﬁ(oat) = =M i—ﬁ(OO,T):O,
where

hi (&) = [fuler(@a(®),t) + Qo(6s, 1), @ (t),t)%(xﬁ(t),t)
+ £ (1(23 (1), 1) + Qoa(Es, 1), Tp(2), )] €5 +
+y [ fuler (@a(0), 1) + Qu(Es, £), @(8), 1) — fulir(wa(t), 1), 25 (1), 1))

and h; (&) is defined similarly. It is known that these problems have solutions which
exponentially decay.

Using (5.3)—(5.6), the functions Q; g(&g,t),7 = 1,2, are defined by

. _ | Qs t) for &5 <0,
Qw(sﬁ,w.—{ o) br G2t

Correspondingly, we can define the functions Q;y(&a,t) for i = 0,1, where &, =
(z — z4(t))/e. The terms e and e "¢ in (5.1) and (5.2), where § = £ and

9



& = =% are needed to fulfil the inequalities in (4.3) near the boundaries z = 0 and
x =1, k and 7y are appropriate positive constants.

From the paper [4] it follows that under our assumptions the functions « and 3
introduced in (5.1) and (5.2) are ordered lower and upper solutions for the initial-
boundary value problem (1.1)—(1.3) for 0 <t < ¢;, 0 < z < 1. Hence, (1.1)—(1.3)
has a unique solution on the interval [0, ;] with an internal layer near z(t).

By means of these lower and upper solutions we can formulate the condition for the
initial functions u°(z,€).

(A4) The function u° : [0,1] x [0, o] — R is sufficiently smooth and satisfies
a(z,0,e) < u’(z,e) < B(x,0,¢)

where o and § are defined by (5.1), (5.2).

Under the conditions (A;)—(A4) we can conclude that the initial-boundary value
problem (1.1)—(1.3) has a unique solution u(z, ¢, &) with an interior layer for 0 < ¢ <
to- In what follows we study this problem in the interval [0,¢;], where ¢; has been
introduced in hypothesis (A3) and is characterized by the relation zo(t;) = 1 + 7,
where 7 is some small positive number. For this purpose we introduce for the interval
[to,11] @ lower solution & in the form

5[(.’17, t 5) = @1(-’17, t) — YE — 6(67”50 + 6*551)_

Compared with the lower solution a(z,t,¢) in (5.1), & has no transition layer. It is
easy to verify that & satisfies all conditions for a lower solution.

As an upper solution we keep the function §(z,t,¢) as defined in (5.2). Most con-
ditions for an upper solution can be checked easily as demonstrated in [4]. At the
boundary z = 1 we have

P 1,6) = 2221,8) 4 S22

n — z
9z he) = 5, e 06

0
+ k4 O(e) + L1

B 95 : (5.7)

z=1

We note that for sufficiently large s this expression is not negative, since g—";(x, t)

and acggﬁ (€s,t) are bounded, and a;i‘;" (€s,1t) is always positive. Therefore, we can
conclude that the initial-boundary value problem (1.1)—(1.2) has a unique solution in
the region [0, 1] [0, 1]. If we choose the constant ¢ so small that we have z(t;)—d >
1, then by taking into account that the functions Q;s(€s), i=0,1, decay exponentially
according to Proposition 4.3, for sufficiently small € the solution u(z,t,¢) is located
in the region of attraction of the asymptotically stable periodic solution u(z,t, ).
Thus, the solution u(z,t,¢) tends to uy(z,t,e) as t tends to infinity, and has no
interior layer for ¢ > t;, but in general a boundary layer. Therefore, the following
theorem is valid:

10



Theorem 5.1 Suppose the hypotheses (Ag)—(A4) are valid. Then there is a suffi-
ciently small positive €y such that for 0 < € < g, the initial-boundary value problem
(1.1)—(1.3) has a unique solution u(z,t,) satisfying

lim [u(x,t,s) — ul(x,t,e)] =0 for 0<z<l,

t—+4o00

where uy is the T-periodic solution introduced in Proposition 4.3.

Remark 5.2 From the proof of this theorem it follows that the solution u(z,t,€) has
an interior layer for any fived t of the interval [0,1), where t is defined by xo(t) = 1.
For any fized t satisfyingt > t, u(x,t,€) has no interior layer and is a pure boundary
layer solution.

6 Fast transition from a step type contrast struc-
ture to a pure boundary layer solution

In this section we consider the initial-boundary value problem (1.1)—(1.3) under the
assumption

(Hy) I(z,0)>0 for 0<z<1.

Assumption (H;) implies that z¢(0) is located outside the interval [0,1]. We note
that the case I(z,0) < 0 can be treated analogously.

The numerical results represented in Fig. 3 show that under the hypothesis (H;)
the solution u(z, t, ) of (1.1)—(1.3) starting from the steplike initial function u°(z, €)
with the transition point Z, € (0,1) moves very fast to the boundary in the direc-
tion of zy(t). After the interior layer has arrived the boundary, the solution u(z,t, €)
changes from a contrast structure to a pure boundary layer solution. In what fol-
lows we want to prove this behavior. For this purpose, we first construct a formal
asymptotic solution for the step-type solution of the boundary value problem (1.1),
(1.3). In the second step we use this approximation to construct moving lower and
upper solutions yielding the predicted behavior.

6.1 Formal asymptotics

In (1.1), (1.3) we rescale ¢ by setting t = e7 and consider the corresponding boundary
value problem on a finite 7-interval

0%u ou
207U ou N
€57 € 5 f(u,z,eT), 7€ (0,7), 0 <z <1, (6.1)
ou ou -
%(0,57’, g) = %(1,57, e)=0 for 7€(0,7), (6.2)

11



where 7 is some positive number. We construct the formal asymptotics of a step-
type contrast structure of this boundary value problem. For this purpose we denote
by (1, e) the transition point of the internal layer of the solution u(z, 7€) of (6.1),
(6.2). We look for an asymptotic expansion of &(7,¢) in the form

&(1,€) = Zo(T) +€ &1 (T) + ... (6.3)
For the following we introduce the notation
r—z(T, €
Q(.’E,T,&') :%a QUZx/E:’ Ql_(l_x)/sa
D7) = {(z,7) e R?:0< e <i(re), 0<r7<7}, (64)
DY = {(e,7) e R?:d(re) <z <1, 0<r<7}

First, in D) we consider the boundary value problem
2
52% — % = f(u,z,eT), 7€ (0,7), 0<z<z(re), (6.5)
0
a—Z(O,eT, e) = 0, wu(&(re),ere)=o(&(r,e),er), T€(0,7). (6.6)

We seek the formal asymptotic expansion of the solution to this boundary value
problem in the form

U(’)(:L', T,€) = ﬂ(’)(:z:, T,€) + Q(*)(g, T,¢) + (gy, 7,€) =

ai[ﬂg_)(x, T) + Q,(_)(g, 7) + (00, T)], (6.7)

I
™M

Il
o

(2

where (=), Q() and II denote the regular, internal layer and boundary layer parts

of the asymptotic expansion of U(~) in the region D).

Next, in D™ we consider the boundary value problem

62%—6% = f(u,z,e7), 7€ (0,7), Z(1,¢) <z <1, (6.8)
%(1,57’, e) = 0, wu(@(re)ere)=qo(z(r,e),er), 7€ (0,7) (6.9)

and its formal asymptotic expansion

UM (z,7,e) = 7 (z,7,e) + Q) (o, 7,¢) + R(oy, 7€) =

= S @Y (1) + Q0 r) + Ri(en, ),

=0

gl

(6.10)

where 7H), Qt) and R denote the regular, internal layer and boundary layer parts
. . . )
of the asymptotic expansion in the region D
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To determine the zero-th order regular asymptotic terms we put € = 0 in (6.5) and
(6.8) and obtain

f(@o(z,7),2,0) = 0.
Thus, according to assumption (A;) we set
_ ) w7 (@, 1) = eu(=,0) for (z,7) € D,
Uo ('777 T) Y ) . )
ay ' (z,7) = @a(z,0) for (z,7)€ D"".
In order to determine the coefficients Z;(7) of the expansion (6.3) we use the C*-

matching condition for the formal solutions U(*) and U() in D and D respec-
tively, which reads

U (z,7,¢€) UM (z,7,¢€)
£ 5% € 52 or z=a(r,€) (6.11)

For the following it is convenient to use the variable g introduced in (6.4) to rewrite
the differential operator

_ 2”0
- Oz? or
in the form
H? 0 0
L = — — — — 6.12
95 + v(T, €) 9a €5 ( )
where v(T,£) = 2(1,¢).

Using (6.12) for € = 0 we get by the standard representation of f(u,z,eT) (see, e.g.,

[1]) for the zero-th order internal layer functions Q5 and Q" the boundary value
problems (vo(7) = &((7))

2 (=) (-)
Th ™ = fi@n()0) + Q) an(),0), e <0
QS (—00,7) = 0, Q(0,7) = @o(@(T),0) — @1 (&(r),0),
6.13
d2Q(+) dZQ(-i-) ( )
gt = J(ea@0(),0) + Q7 a0(r),0), e >0

QS (o0, 7) =0, QSV(0,7) = wo(0(7),0) — pa(20(7),0).
Using the function

. | o1(&0(1),0) + Q) (0,7) for <0,
Qler) = { ©2(Z0(7),0) +Qg+)(9, ) for >0,

we can write the boundary value problems (6.13) as

13



) ~
dd—zio—i-vo( )—— f(QO,.’EO( ),0) for o€ R,

5:20(0,7) @o(2 ( ),0), Qo(—00,7) = ¢1(#(7),0),
Qo(+00,7) = pa(2o(7),0).

dQo

(6.14)

We note that the solution of the boundary value problem (6.14) represents a traveling
wave (heteroclinic orbit) connecting the saddles (1, 0) and (2, 0). It is known (see,
e.g., [7]) that (6.14) has such a solution for

vo(T) = (1) = ——5—. (6.15)

Equation (6.15) represents a differential equation which determines Zy(7) to a given
initial condition Z(0).

The zero-th order C*-matching condition (6.11) implies

oQs) . aQ
8@ (O’T)_ 6@ (O’T)'

This condition is satisfied because of the solvability of problem (6.13).

The boundary layer functions IT and R in (6.7) and (6.10), respectively, can be
determined by the standard theory (see,e.g.,[1]), and we will not consider their
construction here.

Now we determine the first order terms in the asymptotic expansions (6.7) and

(6.10). By comparing the first order terms in (6.1) we obtain for "

Hgf)(x,T) _ fi(p1(20(7),0),20(7),0) .

fU((pl(ij(T)’ 0)’ ‘%0(7—)’ 0)

If we replace ¢; by s in this expression, then we obtain ﬂgﬂ(x, ).

For the first order internal layer function QE_) we get the boundary value problem

d2 (=) d (=) _ B B
;z; + vo(7) 3; —fu(Qo,fro(T),O)Qg ):fl( )(Q,T) for 0<0, (6.16)

Q7 (—o0,7) = 0, Q1(0,7) =~ (o(7),7) +
8S00

+ [ @6(r),0) — ea(@o(r), 0)] 7 + (6.17)
=[G an(),0) = G an).0)in(r) = 670,

where
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0 -~
g, + 5 07) + 2 ) +

() + 0)[1092 20(r), 0) + 2] + £

o) = —u(r)
(6.18)

Here, the upper index 0 means that the derivatives fJ, fJ and f{ are evaluated at
the point (Qo(0,7),Zo(7),0), v1(7) is defined by vy (1) := (1) .

Similarly, er) can be defined. The solutions of the boundary value problems for
QE_) and QYF) can be represented in the explicit form

QY (e,r) = gﬁ)(ﬂ")(@’ T) —ole.m) [ ¢ 7)e

J( (619
X / 7 ¢35 (5 1) dodn,
n
Where ¢(Q7 ) - 8Q0(Q7 ) > 0.
The first order of (- matching condition (6.11) yields
91 o), 0) + 9% 0,7) = 220, (,00+ 2B 0, (620
ox ’ do ox ’ do 7 '

Substituting the expression (6.19) into (6.20) and using the formula (6.17), (6.18)
we can reduce the conditions (6.20) to a linear algebraic equation for vy (7) (see, e.g.,
[4]). The construction of the asymptotic expansion can be continued to any order,
provided the function f is sufficiently smooth.

6.2 Construction of lower and upper solutions

Our construction of lower and upper solutions which can be used to describe the
moving transition layer (front) on a finite interval of 7 will follow the scheme pre-
sented in the previous section.

We recall that the differential equation (6.15) with a given initial condition Zq(0)
(Z0(0) is any number of the interval (0, 1)) determines Zy(7). Under the assumption
(H;) we can conclude from (6.15) that Zj(7) is positive as long as Zy(7) belongs
to the interval [0, 1]. Hence, under our smoothness assumptions, there is a positive
number 7 such that Z¢(7) > 1. Let 7* € (0, 7) such that Zo(7*) = 1 — §;, where d; is
any small positive number. By means of #,(7) we define lower and upper solutions
to the boundary value problem (6.1), (6.2) for 0 < 7 < 7* as follows

15



a(z,17,e) = Uz, ) +e(@(z,7) — %) + Qoa(0a; T)

€ Q1a(0a,T) — (e + 7)),

B(z,7,e) = TUos(z,7)+e(w(r,7)+7) + Qosles; 7),
+ € Quplog, 7) +e(e™™ + 7).

+

(6.21)

Here, the zero-th order terms %y, and %z are defined by

_ 1(z,0) for 0<z<uz,(1),
Yoo = @o(z,0) for zo(7) <z <1,
— _ J eul=,0) for 0<z < p(r),
oo = po(z,0), for zp(r) <z <1,

a(T) = To(T) — 6 and 4 is a sufficiently small fixed positive

where z,(7) = &o(7)+6, ©
(T)4+6<1—6 for0<7<7*
7) i

number such that zy(7

The function Qos(0g, 7) is defined by boundary value problems which are similar to

(6.13):
dZQgE) +v (T)dQéﬁ) = f(o1(zp(T) 0)—|—Q(7) zg(7),0) for 05 <0
dQ% 08 dQﬁ 1\4Ls ) 08 »+B ) B )
Q&k—mnﬁ:=o,Q&mumvnzwamv»m—wmmwmm, .
dQQ(();) dQOﬁ = f(p2(zp(T) 0)—|—Q(+) zg(7),0) for >0 -
dQ% Vog dQﬁ - ©Y2\Tp ) 08 4B ) (o] )
Qoﬁ (0077-) = 07 Q(()—E)(O:T) = Wo(xﬂ(T)a 0) - Q02($g(T), O)a
where

Iop(r),0)
oG (e oa(r))de

d, is a positive sufficiently small fixed number, gg = (z — z(7))/e. The function
Qoa (04, T) can be defined analogously if we replace in (6.22) z5(7) and gg by z4(7)
and g, = (x — z4(7)) /e respectively, and vog by voq, where

() — 1@l 0)
1750 (22 (0, 7 (7))do

For the first order internal layer function Q4 in (6.21) we obtain boundary value

vop(T) =

+ d,.

problems which are similar to (6.16)—(6.18). Particularly, for the function Qg;) we
get

Qfy dQiy
Y

ag t ) Gy~ Q0 ma(m). 0055 = e 7) for g5 <0,
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Qgg)(—oo,T) = 0, Qgi)(O,T) = —ﬂl($ﬁ(T),T) + [%(flﬁg(T),O) — ng(xﬁ(T),O)}T

where Qoﬁ = QSE) = Q(()g) + ¢1(zg(7),0) and

B 0
fenm) = el s (aa(r), 0) + £2] +
90, (6.23)

(A = T)@ ) )+ () =T+ 57 (e).

We note that fl(f)(gg, 7) in (6.23) is different from fl(f)(g, 7) in (6.18) by setting #; =
0, v; = 0. The derivatives f;, f, and f; here are evaluated at the point (Qog, Zog, 0),
and the derivatives f,, f, and f, are evaluated at the point (¢1(zs(7),0),zg(7),0).

Analogously, Qg;) can be defined.

Remark. For the proof of our main result (see Theorem 6.1 below) it is sufficient to
use the upper and lower solutions in the form (6.21). If we want to approximation
the solution in the transition layer, then we have to construct another expressions
for @ and B containing Z;(7) and v, (7).

The function @, can be introduced similarly.

Using the expressions for the functions a and 8 we can verify by means of the stan-
dard approach (see, for example, [4], [5]) that they satisfy the following inequalities
for0<z<l, 0<7<T"

20°6 _ 08

LG := —&— — < La > 0.
o cor ~J(B,5,7) <0, Laz0

=t
The corresponding inequalities at the boundaries can be satisfied if we take k in
(6.21) sufficiently large (see also (5.7). From the exponential decay of the Q-functions
in (6.21) it follows that a and (3 are ordered, i.e.

a(z,T,e) < B(z,1,e) for z€]0,1], 7 €[0,7"].

From the definitioon of o and  in (6.21) it follows that these functions are contin-
uous but not differentiable for z = z,(7) and © = x3(7), respectively. The jump
of the derivative of § with respect to z at the point z4(7) is determined by the
expression

(+) (-)
op op 1 (0Q 0Q
%(:1:5(7') +0,7, 8) - %(xﬁ(T) - 0,7, 5) = g ( 8905 (Oa T) - 8@05 (OaT) + 0(1) :
In order to guarantee that this jump is admissible, that is, it satisfies
2 (0p(r) +0,7,¢) — 2 (ma(r) — 0,7,) < 0, (6.21)
x x

we have to ensure

(+) (=)
0Q%5 (o 1y 0%

0,7) < 0. 6.25
P05 agﬁ( ) (6.25)
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To this end, we rewrite the first equation in (6.22) in the following simplified form

—— +v— = f(u), (6.26)

where 3
- Qly  for —oo< py <0,
Q(()J[;) for 0< pg < +o00.

Equation (6.26) is equivalent to the system

d
d—z = p, (6.27)
j—zp) = —up+ f(u). (6.28)

It is easy to verify that in the half plane p > 0 all vectors of the vector field defined
by (6.27) rotate in mathematically positive sense as v increases. As we mentioned
above, system (6.27) has two equilibria (g1, 0), ¢2,0) which are saddles, where for
v = v, the separatrix p = o7 (u) of the saddle (¢1,0) and the separatrix p = o9(u)
of the saddle (g2, 0) form a heteroclinic orbit located in the half plane p > 0. From
the property that (6.27) is a rotated vector field [10] we obtain that for v < v
o2(po) — o1(p0) <0,
and therefore, the jump condition (6.24) is satisfied.

Similarly we can show that the function a(z,7,e) has an admissible jump of its
derivative at the point z,(7):

Oa

Oa
%(xa(T) +0,7,¢) — %(.’EQ(T) —0,7,¢) > 0.

Under the additional assumption

(H,). Suppose u’(z, ) is a step type internal layer function such that
a(z,0,¢) < u’(z,e) < B(,0,¢)

where o and § are defined in (6.21).
We have the following result:

Theorem 6.1 Suppose the hypotheses (Ay) - (Az), (Hy), (Hy) are valid. Then,
for sufficiently small €, the initial boundary value problem (1.1)—(1.3) has a unique
solution u(z,t,€) fort € (0,e7*) such that

) | oi(z,0), 0<z<
lim u(z, 7 €) —{ 02(z,0), do(7) <
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6.3 Fast transition to a pure boundary layer solution.

In order to prove that the contrast structure whose existence has been established
in Theorem 6.1 changes into a pure boundary layer solution we will use the same
scheme as in the proof of Theorem 5.1 in section 5.

First we extend the existence result of the initial-boundary value problem (1.1)—(1.3)
to the interval [0, 7] in which z(7) crosses the boundary z = 1 such that we have
11,'0(7:) > 1.

In order to show that the solution u(z, T, e) changes its form by losing its interior
layer, we use for that interval the lower solution & in the form

a(z,7,€) = p1(z,0) —ve —e(e™"P° 4 ¢~ "P1).

As an upper solution we use the function 3(z, 7, ¢), defined in (6.21). By repeating
the considerations from section 5 we get the following result.

Theorem 6.2 Suppose the hypotheses (Ag)—(As), (Hy), (Hz) are valid. Then there
ezists a finite time T = T such that at t = Te the solution of the initial-boundary
value problem (1.1)—(1.3) is in the domain of attraction of the periodic boundary
layer solution, and therefore near the moment t = Te the contrast structure solution
changes into a pure boundary layer type solution. Moreover we have

tllglo |:’U,(.’13, l 5) - Ul(.’E, l E)] =0,

where uy(z,t,€) is the periodic boundary layer solution of the problem (1.1), (1.3).

7 Fast-slow transition from step type contrast
structure to a pure boundary layer solution.

We again consider the initial-boundary value problem (1.1)—(1.3) under the condi-
tions (Ap)-(Asz). Furthermore, we suppose that the initial function u’(z,¢)) is of
step-type, where the location of the transition layer is characterized by the point
Zy. But different from assumption (H;) introduced in section 5 we suppose that Z,
is not near ¢(0). In this case, the numerical results ( Fig. 2) show a fast motion of
the initial step type contrast structure to the neighbourhood of z((0), and then a
slow motion with z((¢) to the boundary, where the solution changes from a contrast
structure solution into a pure boundary layer solution.

In order to be able to prove an analytic result we introduce the following additional
assumption.

(H3). Suppose for definiteness 5 < z(0) and that u’(z,¢) is a step-type internal
layer function whose transition point %, is located near #,(0) and such that

a(20(0),0,¢) < u’(z,e) < B(20(0),0,¢)
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where a and ( are defined by (6.21).

From assumption (Aj) it follows that I(z,0) > 0 for z < z¢(0) and I(z,0) < 0 for
z > z0(0).

Let 6; is a small positive independent on & number such that ; < & (0 is the
number which is used in the construction of lower and upper solutions in (5.5),
(5.6)). Under the assumptions above we can apply the results of Theorem 6.1 for
the time interval 0 < ¢ < e7;, where 77 is the time is the stretched scale such that
Zo(7) = 2¢(0) — 01 (Zo(7) moves to the point z((0) according the results of Theorem
6.1). From the structure of the lower and upper solutions defined by (6.17) it follows
that for ¢ = e7; the solution of problem (1.1) - (1.2) satisfies the condition (A4) for
the time ¢ = e71}. From this time we can apply the results of Theorem 5.1 to describe
the motion of step type contrast structure and its transformation into boundary layer
solution. Our observations we summarize in the following theorem.

Theorem 7.1 Assume the hypotheses (A1)—(As) and (Hs3) to be valid. Then for
sufficiently small € there exists a unique solution of problem (1.1)—(1.3) which has
an interior layer for any t € [0,ty), where ty is defined by xo(t) = 1. This solution
ezhibits a phase of fast motion for 0 < t < e15 and a phase of slow motion for
v <t <ty, where v is any small number. For any fized t > to, u(z,t,€) is a pure
boundary layer solution. Moreover

lim [u(x,t, ) — u(z,t, 6)] =0.

t—o00

Remark For the time interval [eT], V] there is a transition from the fast to the slow
motion which is not described by our approach.
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