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Abstract

We study singularly perturbed elliptic and parabolic differential equations
under the assumption that the associated equation has intersecting families
of equilibria (exchange of stabilities). We prove by means of the method of
asymptotic lower and upper solutions that the asymptotic behavior with re-
spect to the small parameter changes near the curve of exchange of stabilities.
The application of that result to systems modelling fast bimolecular reactions
in a heterogeneous environment implies a transition layer (jumping behavior)
of the reaction rate. This behavior has to be taken into account for identifi-
cation problems in reaction systems.

1 Introduction

Mathematical models of reaction—diffusion processes are of increasing interest in dif-
ferent fields of applications, for example in reaction kinetics, biology, astrophysics.
There are important classes of processes where boundary layers as well as internal
layers of different structures arise. In these cases the corresponding mathematical
models represent systems of singularly perturbed differential equations. The motiva-
tion for our investigations comes from the papers [4, 5] where spatially homogeneous
bimolecular reaction systems of the form

A = G (9i(u)),
B — Cy (g2(v)), (1.1)

A+B — C (7(u,v))
have been studied. Here, g;,9> and 7 are the reaction rates depending on the
concentrations u and v of the species A and B respectively. The reaction rate
7(u,v) is assumed to be fast. To express this fact we represent 7(u,v) in the form
7(u,v) = r(u,v)/e where ¢ is a small positive parameter. According to the mass-
action kinetics, the time evolution of the concentrations u and v of the reaction
system (1.1) is governed by the system of ordinary differential equations

2_7; - [a(t) - gl(u) - T(t v)a
dv r(u,v) (1.2)
@ Iy(t) — ga(v) — PR

where I,(t) and I,(t) are the input flows of the species A and B respectively, g; and
go are reaction rates of normally existing slow reactions. In [4, 5] it has been shown
that under certain assumptions the reaction rate 7(u(t),v(t)) jumps at some time
points. In what follows we exhibit a corresponding phenomenon for systems in a
heterogeneous environment.

If we add in (1.2) the Laplacian and replace the time-depending inputs 7,(t) and I(¢)



by space-depending ones, then we get the following system of parabolic differential
equations (for convenience we have replaced e by &)

% = Au+ L(z) — g1(a) — T(Z;ﬁ)’
i _ e (1.3)
5 = AT + Iy(z) — g2(v) — o2

A stationary solution of (1.3) satisfies

Au = —n(@)+ ) + 15D,
(4, V) (1.4)
A = —Iy(z) + g2(0) + 8;

]|

After the coordinate transformation v = @, v = % — ¥ and multiplying by &2 system

(1.3) and (1.4) can be rewritten as

82(% = Au) = (I (z) — gi(w)) — r(u,u — v),

t (1.5)
o ~Av = L(#) = I(z) = g1(u) + ga(u — ),

and
2 Au = —EQ(Ia(x) —g1(u) +7(u,u —v)

Av = Iy(z) — I,(z) — go(u — v) + g1(u) (1.6)

respectively. In case when g; = go = 0 (pure bimolecular reactions) we assume that
v can be determined from the second equation in (1.5) and the corresponding initial
and boundary conditions or from (1.6) and the corresponding boundary conditions
such that we arrive at the equations

ou
2 _ 2
£ (E = Au) = e°l,(z) —r(u,u —v(z,t)) (1.7)
or
2 Au = —’I,(z) +r(u,u—v(z)) (1.8)
respectively.

Motivated by the equations (1.7) and (1.8) we investigate in what follows the equa-
tions

52(2—?—Au) = f(u,z,te), (1.9)



and
2 Au = f(u,z,¢€) (1.10)

under the assumption that the corresponding degenerate equation f = 0 has two
solutions with respect to u which intersect. This property implies an exchange of
stabilities of these solutions considered as equilibria of the corresponding associated
equation. Such situation is typical for reaction kinetics. In section 2 we study a
Neumann problem for the singularly perturbed equation (1.10) for dim z = 2. The
case dim z = 1 has been studied in [1] for a scalar equation, and in [2] for singularly
perturbed systems. In section 3 we consider the singularly perturbed parabolic
equation (1.9) for dim z = 1. In the elliptic as well as in the parabolic case we
are able to prove a change of the asymptotic behavior of the solution with respect
to € near the curve of exchange of stabilities. The method to establish our results
is the method of asymptotic lower and upper solutions. The obtained results are
illustrated by means of examples from the reaction kinetics with fast reaction rates.

2 The steady state problem

2.1 Formulation of the problem. Assumptions.

Let D be a bounded open simply connected region in R? with smooth boundary
['. By 0/0n we denote the derivative along the inner normal of I'. Let I, be the
interval (0,e;) where ; < 1.

We consider the singularly perturbed nonlinear boundary value problem

e2Au= f(u,z,e) for xz€D,

0 2.1
6—Z—A(x)u:0 for zeT, (2.1)

where f and A are assumed to obey
(Ag). f: Rx Dx I, — R and X\ : T — R are sufficiently smooth.

To investigate existence and asymptotic behavior of a solution to (2.1) we use the
following equations closely related to (2.1), namely the degenerate equation

f(u,z,0) =0 (2.2)
and the associated equation
d?u

in which z = (1, z2) is considered as a parameter.
Concerning the degenerate equation we suppose
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(A1). The degenerate equation (2.2) has two smooth solutions u = ¢1(z) and u =
©o(z) defined for x € D, and there exists a smooth closed Jordan curve C
located in D such that

o(z) for zeC,
o(z) for € D UT,
o1(z) < pa(z)  for =z € Dy,

where Dy is the simply connected region bounded by C, and D; = D\ D,
(see Fig 1).

Assumption (A;) says that the surfaces u = ¢;(z) and u = @y(z) intersect at a
curve whose projection into the region D is the curve C. This property implies that
the standard theory of singularly perturbed systems cannot be applied, at least near
C. To describe the behavior of a solution of (2.1) near C it is convenient to introduce
local coordinates near C. To this end we fixe some point P on C, and introduce
the coordinate s as the arclength on C measured from P in mathematically positive
direction. The coordinate r is introduced in such a way that |r| is the distance on
the normal to C where r = 0 characterizes the curve C, r > 0 represents points in
the interior of the region bounded by C, and r < 0 represents points in the exterior
of C (see Fig 1). By a d-neighborhood of C we mean the set of all points satisfying
|r| < 6. It is obvious that there is a 6* > 0 such that (s,r) represents a local
coordinate system in any d-neighborhood of C with § < §*.

D; = {x € R?: ¢p(X) > p1(X)}

Fig. 1: Intersection of u = ¢;(z) and u = () at C in D
From (A;) we get

Op2(z)  Opi(z)
or or

>0 forzel. (2.4)

Note that the surfaces u = ¢1(z) and u = () are families of equilibria of the
associated equation (2.3). An equilibrium point @(z) of (2.3) is called conditionally
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stable if the relation f,(@(z),z,0) > 0 holds. The following assumption describes
an exchange of stabilities of the families ¢;(z) and ps(z) of equilibria of (2.3) at the
curve C.

(Az).

fu(gol(x)axao) > 0) fu(QDZ(x)axao) <0 fOT YIS Dl U Fa
fulpi(z),2,0) <0, fu(p2(z),2,0)>0 for =z € D,.

Now we define the function 4(z) by

U

W = {08 mreh 25

It follows from assumption (A;) that
f(z) = f(i(x),z,0)=0 forxze D, (2.6)
according to assumption (Ay) we have

fulz) = fuli(z),z,0)>0 forze D\C,

fu() 0 forzelC. (2.7)

Definition 1. Under the assumptions (A1), (Az), the function @ defined by (2.5) is
referred to as the composed stable solution to the degenerate equation (2.2).

Note that @(z) is continuous in D and smooth in D; and D, but not necessarily
smooth on C.

To be able to investigate the behavior of u(z,e) as € tends to zero we need the
assumption

(As). )
fuu(2) = fuu(d(z),2,0) >0 forz €C.

The concept of lower and upper solutions to the boundary value problem (2.1) plays
a central role in our approach.

Definition 2. The functions a(z,¢), B(x,€) which are continuous in D X I.,, (g5 <
£1), are called lower and upper solutions respectively to the boundary value problem
(2.1) if for all € € I, they satisfy the following conditions

(i)  « and B are continuously differentiable with respect to x € Dy and twice

continuously differentiable with respect to x € Dy U Cand x € D,



Oa o/6} op

.. Oa
(1) E(%S)LO — E(x,s)‘_o >0, E(.’E,&)LO — E(:{:,s)‘_o <0 forzeC,

where 0/0r denotes the differentiation along the inner normal of C.
(4)  Lea(z,y) := e?Aa(z,€) — f(o,z,6) >0, LB(z,€) <0
for z € Dy UC and for x € D,.

(iv) Z—Z(x,s) — AMz)a(z,e) >0, %(x,s) — Mz)B(z,e) <0  forz e,

where 0/0n denotes the differentiation along the inner normal of T.

Note that a(z, ) and B(z,e) may be non-smooth in z on the curve C.
It is known (see, for example, [6]) that if there exist ordered lower and upper solutions
to (2.1) i.e., they satisfy the inequality

a(z,e) < B(z,e) for (z,e) € D x I, (2.8)
then problem (2.1) has a solution u(z, €) satisfying

a(z,e) < u(z,e) < B(z,e) for (z,e) € D x I,.

2.2 Existence and asymptotic behavior of a solution to (2.1).

We distinguish the cases that f depends on € and that f does not depend on €. In
what follows we study the case that f depends on ¢.

Additionally to the assumptions (Ag)—(A3) we suppose

(A4)

~

fe(z) = f.(u(z),z,0) <0 forzeC.

Theorem 1. Assume hypotheses (Ag)—(A4) to be valid. Then, for sufficiently small
g, the boundary value problem (2.1) has a solution u(z,€) satisfying

limu(z,e) = d(x) forz € D. (2.9)

e—0

Moreover, it holds

. O(+/e or x € Ds,
u(z,e) —a(z) = {OE;() foi:z:E%\D(s, (2.10)

where Ds is a §-neighborhoud of the curve C, and ¢ is any fixed positive number
sufficiently small.

Proof. To prove our theorem we apply the technique of lower and upper solutions.
For the construction of lower and upper solutions we use the composed stable solu-
tion 4(z) defined in (2.5).



It follows from (2.4) that @(z) fulfills on C the condition (i) of Definition 2 for the
lower solution «a(z,e). But in case

0 0
722 (p) — ZAL

o 87‘(:L')>0 forzeC

@(z) cannot be used as an upper solution since it does not fulfill condition (iz) for
B(z,€). Therefore, we construct an upper solution by smoothing @(z) as follows.

Let w € C?(R, [0, 1]) be such that

0 for o< -1,
w(o) = € (0,1) for —1<p<1, (2.11)
1 for po>1.

By means of w(p) we define the function @(z,¢) for (z,¢) € D x I, as follows:

pi(z) +w(E)(p2(z) —@i(z))  for z € D;,
i(z,e) = v1(x) for z € D;\Ds, (2.12)
w2(x) for x € Ds\Ds,

where (s,r) are local coordinates in Dj. It is obvious that @(z,¢) is twice continu-
ously differentiable in z. If we represent @(z,e) in the form

u(z,e) = u(z)+v(z,e) (2.13)

then, taking into account ps(z) — ¢1(z) = O(|r|) in Ds, it is easy to show that
v(z,€) satisfies

| O(e) for =z € Dy,
v(z,e) = {0 for z € D\Ds, (2.14)

moreover we have

O(e) for z € Ds,
2

e’ Ai(z,e) = {0(5) for z € D\D;. (2.15)

By (2.14) and (2.15) there exists positive constants ¢; and ¢ such that for sufficiently
small € the inequalities
lv(z,e)|] < cre, €*|Ai(z,e)| < e for z € Ds (2.16)

hold.

Now we construct an upper solution 3(z,e) to (2.1) by using the smooth function
@(z,e). To this end we introduce a local coordinate system (o, n) in a sufficiently



small 6-neighborhood I's of I, I's C D,I's N Ds = (, in the same way as we have in-
troduced local coordinates (s, r) near C. We use the twice continuously differentiable
cut-off function k, : R — [0,1],a > 0, satisfying

1 for |o| <a/2,
ko(0) = € (0,1) for a/2 < |g| < a, (2.17)
0 for |o| >a

to define the following functions we need to construct upper and lower solutions to

(2.1):

| (We—¢€)rs(r)+e for z=(s,r)€ Dy,
hz,e) = { £ for =€ D\Ds, (2.18)
£ exp (—k—”) ks(n) for z=(o,n)€ s
z(z,e,k) == € -’ ’ (2.19)
0 for =z € D\I.
Now we define an upper solution §(z,¢) to (2.1) as
B(z,e) = a(z,e)+bgh(z,e) + 2(z, ¢, kg) (2.20)

where bg and kg are some positive numbers to be chosen in an appropriate way later.

Since u(z, €) is smooth it follows from (2.18) - (2.20) that 3(z, ¢) is also smooth and
satisfies condition (ii) in Definition 2 for an upper solution.

From (2.18) and (2.19) we get the existence of positive numbers ¢, & such that for
sufficiently small

|AR(z,€)| < Eve, €2|Az(z,e)| < e for zeD,

— 2.21
0<z(z,e)<e for ze€D. (221)

Now we check that §(z,e) satisfies the inequality (iii) in Definition 2. From (2.20),
(2.13), and (2.6) it follows
L.B(z,e) = e*AB(z,e) — f(B,,¢) = 62A(&(:L', g) + bsh(z,e) + z(z, ¢, kﬁ))
— fu(®) (bsh(z, &) + 2(z, £, kp) + v(w, ) )
_%fuu(x) (bsh(z, ) + 2(, 2, ks) + v(z, )’
—f.(z)e + o(e).

(2.22)

Our aim is to prove L.3(z,e) < 0 for z € D and for sufficiently small .

First we estimate L.(3(z,€) in the region Dy/,. According to (2.18), (2.19) and (2.14)
we have for z € D;/o



2

(2.23)

L.B(z,e) = e*Ai(x,e) — fu(x) (bg\/g + v(x,a)) — %fuu(x) (bg\/g + v(x,a))
—fe(2)e + o(e).

By (2.16) we have for z € D,/ and for sufficiently small e

bgve + v(z,e) > 0.
Thus, according to (2.7), we may omit the second term in (2.23) in order to estimate
B(z,€) from above.

From hypothesis (A3) and from our smoothness properties it follows the existence
of positive constants c3 and ¢4 such that

for z € Ds/o, 0 sufficiently small,

fuul )| (2.24)

|fe(2)

>c
<c¢ for z € D.

From (2.23), (2.16), (2.14), (2.24) we obtain
C3 2
L.B(z,e) < (cg — Ebﬁ + c4)e + o(e).

Therefore, for sufficiently large bz we have L.3(z,e) < 0 for € Dj,.

Next, we estimate L.A3(z,¢) in D) := Ds\Ds/o. From (2.7) it follows that there
exists a positive constant cs such that

A

fu@m) > s >0 forze DY (2.25)

By (2.19), (2.22) we have for z € D((;Z)

L.B(z,e) = (z,€) + bgAh(z, 5)) — fu(z) (bgh(x,s) —I-U(.’L',E))

J(@) (bsh(z, ) + v(z,¢))” ~ fu(2)e + ofe).

ad (2.26)
1, :
o fuu

Let 8 be so small that we have fu,(z) > 0 for z € D;. From (2.26), (2.16), (2.21),
(2.25), and (2.24) it follows
L.fB(z,e) < (ca— csbg+ cser + ca)e + o(e).

Therefore, for sufficiently large bg we have L.3(z,e) <0 for z € D§2).

Finally, we estimate L.0(z,¢) in D\Ds. Taking into account (2.14), (2.18) we have
by (2.22)



L.B(z,¢) i(z,e) + Az(z, e, kg) ) Ful )(bﬁs—i-z(x € kg))

2 . 2.27
u(@) (bpe + 2(x, 6, kg)) " — fol2)e + o(e). (2.27)

e*(Aa
1.
§f

From (2.27), (2.15), (2.21), (2.25), and (2.24) we get
L.B(z,e) < (€2 — csbg + ca)e +o(e).

Thus, for sufficiently large bg we have L.G(z,¢) < 0 for z € D\ D;.

Taking into account that A(z),p1(z) and ‘9“’1 “L(xz) are bounded on C we get from
(2.20),(2.5) and (2.19) for z € I' and for sufﬁ(nently large kg

%(x, e) — Mz)B(z,€) = %(x) — kg — A=) (p1(x) + bge +€) <0,

i.e. the inequality (iv) for the upper solution §(z,¢) in Definition 2 is fulfilled.

Consequently, the function G(z,¢) defined in (2.20) satisfies the conditions (iii) and
(iv) in Definition 2 for an upper solution.

Now we construct a lower solution a(z,¢) in the form

a(z,e): = u(x) —bae — 2(z, €, ky) (2.28)

where the positive constants b, and k., have to be chosen in an appropriate way.
Note that a(z,e) may be non-smooth on the curve C, but according to (2.4) it
satisfies the condition (ii) in Definition 2.

For L.a we get analogously to (2.22)

La = &*Aa(z,e) — fla(r,e),z,6) =

= 2A(a(2) — 2(z, €, ka)) + ful@) (bt + 2(3,, ko)) — fo(2)e + o(c). (2.29)

First, we consider L.« in the region D; for sufficiently small §. From (2.29), (2.19),
(2.7) and under our smoothness assumptions we get

Leo(z,e) = 2Au(z) + fu(@)bae — fo(z)e + 0(e) > —f.(z)e + o(e). (2.30)

By assumption (A4) there is a positive constant cg such that

~

—fe(z) > ¢g  for z € Ds. (2.31)

Thus, from (2.30) and (2.31) we get

L.a(z,e) >0 for z € Ds.
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Finally, we study L.a(z,e) in D\ Ds. By (2.28), (2.21), (2.24), and (2.25) we have
Lea > (—C2 + csby — c4)e + 0(e).
Therefore, for sufficiently large b, we obtain

Lea(z,e) >0 for z € D\ Ds.
From (2.28), (2.5), and (2.19) we get for z € T’

Oa 01
%(x,s) — AMz)a(z,e) = %(x) + ko — A(2) (gol(x) — bog — 8).
Thus, for sufficiently large k,, a(z,€) satisfies the inequality (iv) in Definition 2 for

a lower solution.

Consequently, the function a(z,e) defined in (2.28) satisfies all conditions in Defi-
nition 2 for a lower solution.

From (2.20) and (2.28) it follows for sufficiently small ¢ that (z,e) > 4(z) and
a(z,e) < 4(z) in D. Thus, a(z,e) and B(z,€) are ordered lower and upper solutions
to (2.1). Therefore, we can conclude that for sufficiently small € there exists a
solution u(z, €) of (2.1) satisfying

a(z,e) < u(z,e) < B(x,e) forz € D.

The relations (2.18) — (2.20) and (2.28) show that the relations (2.10) and conse-
quently (2.9) for u(z,¢) are fulfilled. This completes the proof of Theorem 1.

Remark 1. In equation (1.7) which models a process in reaction kinetics we have
fe(x) = 0. That means assumption (A,) is not valid. In such cases we may replace
hypotheses (A4) by the following condition:

(As). The composed stable solution i(x) of the degenerate equation (2.2) is a lower
solution for (2.1), i.e.

(i) Leu(z,e) >0 forze D\C and €€ 1,

(17) %(x) — Az)i(z) >0 forz el.

It is easy to verify that under the assumptions (Ag) - (As) and (As) Theorem 1
remains true.

Remark 2. In the subsets El\D(; and Dy\Ds we can derive an asymptotic ex-
pansion of any order in e for the solution u(z,e) by means of standard theory for
singularly perturbated problems provided the function f is sufficiently smooth.

In Di\Ds the asymptotic expansion reads

11



u(z,e) = @i(z) +etu(z) +...+eMUn(x) +elly (a, g) + ...+ ™, (a, E)Z +
+O(€m+1)

ILi(o,2),i = 1,2,..., are boundary layer functions which can be constructed by
means of the standard theory and which satisfy

‘Hi <a,3>‘ < cexp (—@> i=01,...,m, (2.34)
g g

where ¢ and k are some positive constants, o and n are local coordinates near T'.
In Dy \ Ds the asymptotic expansion of u(x,e) has the form

u(z,€) = o) + ety (x) + ... + €™l (z) + O(e™). (2.35)

Here, the functions u;(xz) (i = 1,...,m) are defined as in (2.33) if we replace there

p1(z) by @o(x).
From (2.32) and (2.35) we obtain the following corollary which we need to estimate
the jumping behavior of the reaction rates (see subsection 2.3).

Corollary 1. Under the assumptions of Theorem 1 we have

Au(z,e) = Au(z) +O(e) forz e D\ (I's U Ds). (2.36)

Proof. We prove (2.36) for z € D, \ (I's U Ds). From (2.32) and (2.34) we get for
m =2

u(z,€) = @1(x) + ety (z) + e’y (x) + O(e?) = Uy(z,¢) + O(?).

Consequently,

1 3
Alu(z,e) = Ua(e,2)) = 5/ (Ua(w,€) + O(),z,€) — Als(z, ) (2.37)

= {f(Us(z,e) + O(*),z,¢) — f(Us(z,¢€),x,€) + f(Us(z,€),z,€) — e2AUs(z, )} /€2

12



Obviously we have
f(U2(.’E,€) + 0(53)7 Z, 5) o f(Ug(l', 5)) .’13,5) = 0(53)'
By means of (2.33) we get
f(Uy(z,€),z,€) — 2 AUy (z,€) = O(?).

Therefore, we obtain from (2.37)

A(u(:z:, 8) - UZ(‘/E’ 8)) = 0(6)
By using the obvious relation

AUz(.’E, 8) = Agol(x) + 0(6)

we get Au(z,e) = Api(z)+0(e), i.e. the relation (2.36) holds for z € Dy \ (I'sUDs).
For € D5\ Dy, relation (2.36) can be proved in a similar way.

2.3 Application: The purely bimolecular reaction.
We consider system (1.4) in case g; = go = 0 (pure bimolecular reactions) in a

bounded open simply connected region D of R? with a smooth boundary I' and
assume

kuv

r(,)
where k is a positive constant. Hence, (1.8) reads
eAu = —€’I,(z) + ku(u — v(z)), reD (2.38)
where v(z) is the solution of the equation

Av = Iy(z) — I,(z) (2.39)

(see (1.6)) with corresponding boundary conditions. Concerning v(z) we suppose

v(z)=0 for ze€C,
v(z) <0 for =z € Dy,
v(z) >0 for =z € Ds.

As an example we consider the equation

13



in the region D := {z € R? : 22 + 2} < 4} under the condition Iy(z) — I,(z) = 4
together with the boundary condition

0
%(x)—v(x) =7 for zi+22=4

where a% denotes the differentiation in the direction of the inner normal. It easy to
verify that v(z) = 1 — 22 — z2 solves this boundary value problem. We note that
v(z) changes its sign on the circle C :=z € R? : 22 + 23 = 1.

Additionally we assume the boundary condition

0
O_Z —AMz)u = 0 forzel. (2.40)
One can easily check that the assumptions (A4;) and (Ajy) are fufilled for equation

(2.38).

The corresponding composed stable solution reads

o 0 for z¢& Dy,
i) = { v(z) for z € Dy (2.41)
(see Definition 1). Recalling that I,(z) and [,(z) are non-negative functions it is
easy to check that u(z) is a lower solution to (2.38), (2.40). Indeed, using (2.39) we
have

2 .
2 A~ 2 Y . 9 [a(.’L') Z 0 mn Dl;
AL+ &7 Lo(z) — ku(d — v(e)) = { e?Iy(z) >0 in Ds,
and 94
%—)\(x)ﬁzo for zeTl,

i.e. assumption (Ajy) is satisfied.

Assumption (As) also holds as f,,(z) = 2k > 0. Therefore, by means of Theorem
1 (see Remark 1) we obtain that the boundary value problem (2.38), (2.40) has a
solution u(z, ) satisfying

lim u(z,e) = u(z) forz e D.

For the reaction rate 7(z, ) := r(u(z,€), u(z,e) — v(x))/e? we get from (1.8)
7(z,e) = Au(z,e) + I,(z). (2.42)

From (2.42),(2.36),(2.41), and (2.39) we obtain
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F(z,¢) :{ I,(z) +O(e) for € D;\(I'sU Ds),

Iy(z) + O(e) for =z € Dy\Ds.

Thus, taking into account that ¢ is any small number we conclude that the reaction
rate 7(z, €) has a jump (transition layer) near the curve C characterizing the exchange
of stabilities.

3 The nonstationary problem

3.1 Existence and asymptotic behavior of the solution.

Let D :={(z,t) e R?: 0<z<1,0<t<T}HI, ={e€R:0<¢e<e}
where 0 < €; < 1. We consider the the singularly perturbed initial-boundary value
problem

Lou = €*(uy — uge) — f(u,z,t,6) =0, (z,t) €D, (3.1)
u(z,0) = u’(z),
u:(0,t) = u,(1,t) =0, (3.3)

under the following assumptions:

(Vo) f: Rx D x1I,, — Randu®:[0,1] — R are sufficiently smooth.

(V1) The degenerate equation f(u,z,t,0) = 0 has two smooth roots with respect to
uin D
U= QDl(l',t) and u = QDQ(x:t) :

There exists a smooth function v : [0,1] — [v,T — v] where v satisfies 0 < v <
T such that

o1(z, 9 (z)) = pa(z,¥(x)) for 0<z<1, (3.4)

o1(z,t) > py(z,t) for 0<t < (z),
o1(z,t) < o(z,t) for Y(z) <t <T.

The relation (3.4) says that the surfaces u = ¢ (z,t) and u = p,(z,t) intersect in a
curve whose projection into D has the representation ¢ = 1(z).
(Va) For 0 <z <1 it holds

<0 for 0<t<(z),
fulpr(z,1), 2, ¢,0) {>0 for ¥(z)<t<T,

>0 for 0<t<y(z),
Fula(w,1), 2,1, 0) {<o for P(z) <t<T.

15

(3.5)



We note that from (3.4) it follows

Il
o

fu(@z(x,t),il:,t, 0)|t:¢(z‘) (36)
Under assumption (V) the family of equilibria v = ¢4(z,t) (v = goz(x,t)) of the

associated equation

d
d—:Zf(v,x,t,O), T2>0, (3.7)

where z and t are considered as parameters is asymptotically stable (unstable) for
0 <t < ¢(z) and unstable (asymtotically stable) for ¢(z) < ¢t < T. Thus, on the
curve t = ¢(z), the exchange of stabilities of the families of equilibria takes place .

A simple example of a function f(u,z,t,0) satisfying the assumption (V) and (V)
is given by the quadratic function with respect to u

flu,z,t,0) = —(u — p1(z,t) )(u — @2(z,t)), (3.8)

if 1 and ¢, satisfy the conditions (3.4) and (3.5).

(V3) The initial function u®(z) belongs to the basin of attraction of the rest point
v = 1(z,0) of the associated equation (3.7) fort =0.

Assumption (V3) means that the solution II(z,7) of the initial problem (z is con-
sidered as parameter)

%g:fwd%®+ﬂwﬂﬂ% 7>0; Il(z,0)=u"(z) — pi(2,0)  (3.9)

exists for 7 > 0 and II(z,7) — 0 as 7 — o0o.

By assumption (V3), for small € the solution u(z,t,€) of the problem (3.1),(3.2) has
an exponentially fast change from the initial value u°(z) to values close to ¢;(z,t)
within a small time interval. After that the solution u(z, t,e) will be close to ¢ (z, t)
as long as the root ¢;(z,t) will be stable. But for t = ¢(z) the exchange of stability
of the roots ¢ and ¢, takes place. The question arises about behavior of the solution
u(z,t,e) near the curve t = ¢(z) and for ¢¥(z) <t < T.

Form the composed stable solution of the degenerate equation

X _Jpi(z,t), 0<t<y(z),
“%”_{Q@JL Ye)<t<T, 0571

We note that 4(z,t) is a continuous function in D, but not smooth on the curve
t=v(z).

We introduce the notation

fuu(xa t) = fuu(a(xat)axata 0)’ fE(x, t) = fE(’&’(x’ t)’x’ t’ 0)

and assume:
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(Va) fuu(z,¥(z)) <0 for 0<z<1.

Note that for the quadratic function (3.8) fu,, = —2, i.e. assumption (A4) holds.
Further we assume

~

(Vs) fe(z,(z)) > 0.

Theorem 2. Under assumptions (Vy) - (Vs) and for sufficiently small e , the initial-
boundary value problem (3.1)—(3.3) has a solution u(z,t,¢) satisfying

u(z,t,e) = a(x,t) + (z,t/e?) + w(z, t,e) in D, (3.10)

where TI(z,7) is defined by (3.9), w(z,t,e) = O(e'/?) in some small (but fized
as € — 0) § —neighborhood Ds of the curve t = ¥(z), and w(z,t,e) = O(e) for
(iI?,t) eD \ Ds.

The proof of this theorem can be found in [3].

3.2 Application: The nonstationary purely bimolecular re-
action.

We consider system (1.3) under the assumptions: dim z = 1,g; = g» = 0 (pure
bimolecular reaction), the inputs I, and I, depend on (z,t), r(@,?) = kav where k
is a positive constant. In that case system (1.5) can be rewritten as

2
82(@ — %) = —’I,(z,t) + ku(u — v),
or?2 Ot 311
Pv v L -L@t),  (@)eD (&1
912 ot - b\ T, a\Z, 1), Z, :

Additionally we suppose that the corresponding initial and boundary conditions are
such that the solution v(z,t) of the second equation in (3.11) satisfies

v(z,t)=0 for t=1(z), 0<z<I,
v(z,t) <0 for 0<t<(x),
v(z,t) >0 for o(z)<t<T

where ¢ = ¢(z) is a smooth curve having the properties as described in subsection
3.1. Hence, we have to solve an initial-boundary value problem for the equation

52(% — %) = —&2l,(z,t) + ku(u —v(z, t)) (3.12)
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In this case the composed stable solution reads

s 0<t<y(z),
0= {o), wm)<i<T)
Note that assumption (V) is not valid for the case under consideration. But Theo-
rem 2 can be extended such that it can be applied to (3.12) ( similar to the extension

of Theorem 1). Therefore by the extended Theorem 2 we obtain that the initial-
boundary value problem under consideration has a solution u(z, t, €) satisfying

0<z<1. (3.13)

limu(z,t,e) =a(z,t) for0<z<1l, 0<t<T.

e—0

As in Corollary 1 we can prove that

9%u %u

@ — U = @ —ut—l—O(s) for ($,t) € D\(FJUDJ) (314)
where Dj is a sufficiently small § - neighborhood of the curve ¢t = ¢(z), TI's denotes
the subset of D defined by 0 < ¢ < § where § is a sufficiently small positive number

(see Fig. 2).

0 1 x
Fig. 2: Location of the subsets Ds and I's of D
For the reaction rate 7(z,t,€) := r(u(z, t,¢),u(z, t, ) —v(z,t))/e? we have by (3.12)
7z, t,e) = ku(z, t,¢)(u(z, t,e) — v(z,t))/e* = % — %4 [(z,t).  (3.15)

Now, by using (3.14),(3.13) and the second equation in (3.11) we obtain from (3.15)

- | Lz, t)+O(e) for (z,t) € Dy \ (T's U Dy),
T@“@—{h@n+0@ for (z.8) € Dy\ Dj.

Since § is any small positive number we can conclude that the reaction rate 7(z, ¢, ¢)
has a jump (transition layer) near the curve ¢ = 1 (z) describing the exchange of
stabilities.
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