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1. Introduction

In this paper we study an age-dependent predator-prey model with spatial
movement in which the predator species has a tendency to eat the prey species
in the specific age-interval. Age-dependent diffusion models for a single bio-
logical species were first proposed by Gurtin [4], where the population density
of the species u = u(a, t, x) is governed by the following:

(1.1 Du + Au = kdu

with the boundary condition at a = 0
(1.2) u(,t, x) = f Pu(a, t, x) da .
0

Here a stands for age, ¢t for time and x for spatial position. The operator D is
defined by

(1.3) (Du)(a, t, x) = lim,_,, %(u(a + h,t + h,x) — u(a,t, x)).

The functions A and f denote the death modulus and the birth modulus of the
population, respectively, both of which in general depend on q, ¢, x, u itself and
the total population density

0

(1.4) P(t, x) = Jm u(a, t, x)da.

The equation (1.1) is the so-called balance equation and (1.2) describes the birth
process of the species.

Nonlinear age-dependent population models (including several interacting
populations) without spatial diffusion have been studied by many authors (see,
for instance, Gurtin and MacCamy [5], Webb [11] and the references therein).
The existence and uniqueness of solutions in age-dependent diffusion models for
a single species has been also investigated (see, for instance, Busenberg and
Iannelli [1], Di Blasio [2], Kunisch, Schappacher and Webb [7] and MacCamy
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[8]). Among them, in [1] and [8] several types of nonlinear diffusion terms
are treated and the asymptotic behavior of solutions is also investigated.

We extend such models so as to describe the predator-prey interaction in
age-dependent diffusion problems. Suppose that the spatial domain is a one-
dimensional bounded open interval (0,1). Let u(a,t, x) and o(t, x) denote the
population density of the prey and the predator, respectively. Here we neglect
the age-dependence of the predator. Then, our model consists of

ula)v
1+Q

(1.5) Du+<ll+12P+ )uzklun @>0,0<x<]

and

1 0
(1.6) v,+ e + 60— ——+ c@u(@uda)v=k, O<x<])
1+0 Jo
with P(t, x) defined by (1.4) and

(1.7) o(t, x) = J w(a)h(a)u(a, t, x) da .
0

Here u(a) denotes the intrinsic predation rate, c(a) shows the effect of the
predation on the growth rate of the predator and Q(t, x) means the average
“quantity” (the total number counted with the weighted function h(a)) of the
prey which could be eaten by a predator in absence of the limitations of its
digestive capacity. The total predation “quantity” per predator is assumed to
be bounded and Q(t, x) is so normalized that its supremum should be one. The
functional form of the predation term u(a)uv/(1 + Q) in our model is based on
the cannibalism model of Diekmann, Nisbet, Gurney and van den Bosch [3].
From a biological point of view, we require that u(a, t, x) > 0 and o(t, x) > 0.
We study the equations (1.4)—(1.7) supplemented with the boundary conditions

(1.8) u(0, t, x) = J‘: B(a, P(t, x))u(a, t, x) da ,
(1.9) uya, t,x) =v,(t, x) =0 (x=0,0)

and the initial conditions

(1.10) u(a, 0, x) = ugla, x) > 0, v(0, x) = vy(x) > 0.

This paper proceeds as follows: In Section 2, we consider the initial-
boundary value problem (1.4)—(1.10). By the integration of the equation for u
along the characteristics a — t = constant, we transform the problem into a
system of integral equations for P, Q, v and B(t, x) = u(0, t, x) and prove the
global existence and uniqueness of regular solutions. In Section 3, we find
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spatially homogeneous stationary solutions of the form (#(a), 0) which corre-
spond to the extinction of the predator, and investigate their local stability.
Let us give a brief explanation of our results under the assumption f(a, P) =
f(a). Define by

(L.1D) N =J B(a)e ** da
1]
the net reproductive rate of the prey population at the trivial solution (0, 0). If

N < 1, then
lim,_,, P(t, x) = lim,,, v(t, x) = 0,

that is, both of the species become extinct. If N > 1, then (0, 0) is unstable and
there exists a unique stationary solution of the form (#(a), 0) with #(a) > 0. Let

_ 1 © B
(1.12) S = 1~+—Q_ L c(@)u(a)u(a) da — ¢,
with
(1.13) 0= J‘w u(a)h(a)u(a) da .
0

§ is the growth rate of the predator population at (ii(a),0). If S <0, then
(#(a), 0) is stable, while, if S > 0, then it is unstable.

2. Existence and uniqueness

In this section we consider the initial-boundary value problem

Du + (ll + 2,P(t, X) + %);; =k, (@>0,0<x<])
2.1) ’

v + <s, + &0 — m J:o c(a)u(a)u da>v =k,v,, O<x<]

u(0, t, x) = jw B(a, P(t, x))u(a, t, x) da O<x<l

0o

@2) ua, t,0)=uya,t,l)=0 (a>0)
0,(,0) =0, 1) =0
u(a, 0, x) = uy(a, x) @=0,0<xx<]
@3) { (0, x) = vo(x) 0O<x<)),
where

(2.4 (Du)(a, t, x) = lim,,_.(,%(u(a + h,t + h, x) — u(a, t, x)),
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(2.5) P(t, x) = jw u(a, t, x) da
0
and
(2.6) o, x) = jw u(a)h(a)u(a, t, x) da .

Throughout this paper we assume the following:

(A.1) BeC(R, x R,)is non-negative and bounded. Furthermore, f(-, P)
is locally Lipschitz continuous from R, to L®(R.);

(A.2) u(a), h(a) and c(a) are all non-negative, bounded, continuous func-
tions on R_;

(A3) 4y, 45, ky, k,, &, and ¢, are all positive constants.

Here we set R, = [0, c0).

By a global solution of (2.1)—(2.3) we mean a pair of non-negative functions
(u, v) = (u(a, t, x), v(t, x)) such that ue C(R, x R, x [0,1]), u(-,t, x)e L*(R,),
u, € C((0,0) x (0,00) x [0,1]), uy, Du e C((0, 0) x (0,00) x (0,1)), v €
C(R, x [0,1]), v, € C((0, o0) x [0,1]), vy, v, € C((0, 0) x (0, 1)) and (u, v) satis-
fies the equations (2.1)—(2.3) for all ¢t > 0.

Here we state the main result of this section.

THEOREM 2.1. Suppose, in addition to (A.1)—(A.3), that the following condi-
tions are imposed on the initial functions u, and v,:

(A4) uge C(R, x [0,1])ALY(R,, C[0,11),  u(a, x)> 0 and

o0, x) = J " B(a, Py())uola, x) da
0
with

Py(x) = Jw uq(a, x) da;

0

(A.S) ve€e C[0,1] and vy(x) = 0.
Then, there exists a unique global solution of (2.1)—(2.3).

We first state some results from the theory of parabolic equations which
will be used in the proof of our theorem.

LEMMA 2.2. Consider the initial-boundary value problem:

w, = kw,, + &(t, x)w t>0,0<x<]
(2.7) we(t,0) =w,(t,1)=0 (t>0)
w(0, x) = wy(x) O<x<])
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and the integral equation associated with (2.7):

1
W(t, x) = f N(kta X, )’)Wo(Y) dy
0

t 1
(2.8) + f dSJ N(k(t — s), x, Y)&(s, y)w(s, y) dy
0 0

(t=0,0<x<,

where wy € C[0, 1], £ € C(R, x [0, 1]), N(t, x, y) denotes the fundamental solution
of
W, = Wy, O<x<)
{wx(t, 0)=w(1)=0

and k is a positive constant. Then, the following assertions hold:

(i) There exists a unique solution w e C(R, x [0, I]) of (2.8).

(i) Let w = w(t, x|&) denote the solution of (2.8) together with its depen-
dence on £. Then, for any T >0 and any r > 0, there are some constants M,,
M, > 0 such that if |&|7, &l <r, then

(2.9) [w(t, x[&)] < M,
(2.10) [w(t, x|&) — w(t, x|&)] < M, f 1E(s, ) — &(s, )] ds
0

for (t,x)e[0,T] x [0,1]. Here, ||'|l; and |‘|, denote the usual sup-norm in
C([0, T] x [0,1]) and in C[O, ], respectively.

(iii) If w(t, x) is a solution of (2.7), then w = w(t, x|£). Assume, in addition,
that &(t, x) is locally Holder continuous on (0, o) x [0, I] with respect to x.
Then w(t, x| &) also satisfies (2.7).

PROOF OF THEOREM 2.1. Let (u,v) be a solution of (2.1)-(2.3). For any
fixed ¢ > 0, define u*(t, x) = u(t + ¢, t, x). Then u! satisfies the following:

ul + At +c t,x|P,Q,v)ut =kul, t>00<x<])

2.11) ul(t,0) = ul(t,) = 0 t > 0)
u' (0, x) = uo(c, x) O<x<l,
where
(2.12) My 6, x|P, 0, 0) = Ay + ApP(t, x) + HOEX).
‘ o= v 1+0@x)°

The first equation of (2.11) implies u; < k,ul,, so it follows from the com-
parison theorem that
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1
ul(ta X) S J; N(klt’ X, )’)“o(c, y) dy S |MO(C, )Ioo .

By setting ¢ =a —t, we have u(a,t, x) <|ugla —t, ‘)|, for a>t. Thus, the
assumption u, € L'(R,, C[0, I]) implies that the integral [ u(a,t, x)da is uni-
formly convergent on any compact set of R, x [0, [], so the functions P(t, x)
and Q(t, x), defined by (2.5) and by (2.6), respectively, become continuous on
R, x [0,1]. As A(a, t, x|P, Q, v), defined by (2.12), is also continuous, it follows
from Lemma 2.2 that u! satisfies

1
ul(t’ x) = J‘ N(klt, X, }’)uo(C, y) dy
0

(2.13) R
— J ds f N(k,(t — s), x, )A(s + ¢, s, y| P, Q, v)ul(s, y) dy .
0 0

Next, for any fixed ¢ >0, we define u?(a, x) = u(a, a + ¢, x). Then, u?
satisfies the following:

uz + Aa,a+c, x|P, Q,v)u? =ku2, (@>00<x<]I)
(2.14) u(a, 0) = u(a, l) = 0 (a>0)
u?(0, x) = B(c, x) O<x<)

with B(t, x) = u(0, t, x), from which we have

1
u*(a, x) = f N(k,a, x, y)B(c, y) dy
0

(2.15) . .
— f ds J N(k,(a — s), x, p)A(s, s + ¢, y| P, Q, v)u?(s, y) dy .
0 0

Concerning the integral equations (2.13) and (2.15) we now state

LEMMA 23. Let X = {f € C(R; x [0,1])|f(t,x) >0}. The following
assertions hold:

(i) For any ce R, and (P, Q, v) € X3, there exists a unique solution u' € X
of (2.13). We denote such a solution by u' = ®(t, c, x|P, Q, v) in order to indi-
cate its dependence on ¢, P, Q and v. Then, for any fixed (P, Q,v)e X3,
DdeC(R, xR, x[0,1])and &, € C((0, c0) x R, x [0,1]). Furthermore,

(2.16) 0<D(t, ¢, x|P, Q,v) < |ugple, w

and for any T >0 and r > 0, there is some constant M5 > 0 such that, if ||P|,
lolr < r, then
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|¢(t9 ¢, XlP, Q’ U) - ¢(ta c, X|P, Qa 5)|
t
(2.17) < Mjlugle, )l j {IPGs, ) — P(s, ")l
0

+10(s, *) = (s, o + 005, *) = 8(s, )|} ds

holds for (t,c,x)e [0, T] x R, x [0,1].

(i) For any ce R, and (B, P, Q,v)e X* there exists a unique solution
u’e X of (2.15. We denote such a solution by u? = ¥(a,c, x|B, P,Q,v) in
order to indicate its dependence on ¢, B, P, Q and v. Then, for any fixed
(B,P,Q,v)e X* WYeC(R, xR, x[0,1]) and ¥,.e C((0, 0) x R, x [0, I]).
Furthermore,

(2.18) 0 < ¥(a,c, x|B, P,Q,v) < |B(c, ")l

and for any T > 0 and r > 0, there is some constant M, > 0 such that, if ||B|r,
IPllrs |Bllx <, then

IYI(G, c, xlB’ Pa Q’ U) - l[l(a, c, x|§, p! Qa ﬁ)’
a+c

(2.19) = M4<|B(Ca )-Be, -)|m+f {IP(s, )= P(s, )

c

+ IQ(S’ ) - Q(S’ )Ioo + 'U(S, ) - ﬁ(S, )[ao} dS)
holds for a,c >0,a+ c< T, x € [0, ]].

The proof of Lemma 2.3 is easy, so we omit it.

From the definitions of u' and u?, we obtain the following expression for
the solution u:

d(t,a—t, x|P, Q,v) (a>1)

(2.20) u(a, t, x) = {Y’(a, t—a,x|B,P,Q,v) (a<1).

Here we have chosen ¢ as c=a—t and ¢=t—a when a>t and when
a < t, respectively. By the substitution of (2.20) into the first equation of (2.2),
(2.5) and (2.6), we have

B(t, x) = f B(a, P(t, x))¥(a,t — a, x|B, P, Q, v) da
(.21 .’
+ f B(a + t, P(t, x))D(t, a, x| P, Q, v) da,
0

t e}

Y(a,t — a,x|B, P,Q,v)da + f D(t,a, x|P, Q,v)da
0

(222) Pt x) = f

0
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o, x) = ‘[t u(a)h(a)¥(a,t — a, x|B, P, Q,v) da
0

(2.23) .
+ J ula + t)h(a + t)®(t, a, x|P, Q, v) da .

0

Our next step is to regard
1 £y
(2.24) n(t, x) = m L c(a)u(a)u(a, t, x) da

as a known function and to solve the problem:
v, + (g, + &0 — (L, x))v = k,v,, t>0,0<x<])
(2.25) 0,(t,0) =0,(t,1)=0 (t>0)
v(0, x) = vy(x) O<x<l].
Let ne C(R, x [0,1]). Ifvis a solution of (2.25), then v(t, x) = w(t, x|&), where
(2.26) & = &(t, x|v) = n(t, x) — &y — &,0(¢, X)

and w(-, '|¢) is defined in Lemma 2.2 with k and wy(x) replaced by k, and by
vo(x), respectively. We define the mapping L:C(R, x [0,[]) - C(R, x [0, []) by
(Lv)(t, x) = w(t, x|&(-, *|v)). Then, any solution of (2.25) must be a fixed point
of the mapping L. Conversely, we assume, in addition, that #(t, x) is locally
Holder continuous on (0, o0) x [0, I] with respect to x. Then, by Lemma 2.2
(iii), we see that any fixed point of L is really a solution of (2.25). Concerning
fixed points of L we have

LeMMA 24. L has a unique fixed point in C(R, x [0, 1]), which we denote
by v =v(t, x|n). Then, the following estimates hold: For any T >0 and r >0
there are some constants M, Mg > O such that if ||n| 1, |flly <, then

(2.27) 0 < (t, xn) < M;

(2.28) lv(t, x[n) — v(t, x|7)| < Mg J In(s, -) = 7i(s, )l ds
0

hold for (t, x) e [0, T] x [0, I].
PrROOF. We have
(2.29) (Lv)(t,x) =0,

which, together with (2.8) and (2.26), implies that for any T > 0, there is some
constant K; > 0 with

(2.30) (Lv)(t, x) < K,
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for (¢, x) e [0, T] x [0, ] and for any non-negative function v(t, x). Also, for
any T > 0 and r > 0, there is some constant K, > 0 such that if ||v| 4, |3; <7,
then

(2.31) I(Lv)(, x) — (LO)(t, x)| < K, Jt lv(s, ) — B(s, )l ds
0

for (t, x) € [0, T] x [0,]. Define the sequence of functions {v,(t, x)},>0 by
vo(t, X) = vo(x)
v,(t, x) = (Lv,_)(t, x) n=12,....

Then, by the use of standard arguments we prove that the limit v*(t, x) =
lim,_, v,(¢, x) exists and that v* is a fixed point of L in C(R, x [0,[]). (2.31)
also implies the uniqueness of fixed points of L. The remainder of the lemma
is easily proved by (2.9) and (2.10), so we omit the details.

Thus, if (4, v) is a solution of (2.1)-(2.3), then (B, P, Q,v)e X* satisfies
(2.21)-(2.23) and

(2.32) v(t, x) = v(t, x|n)
with

1 t

n(tﬁ x) = d—_<‘[ c(a)y(a) W(a’ t—a, xlB, P9 Q’ U) da
1 )

(2.33) + 0@, x)\ Jo

+ Jw c(a + tu(a + 1)d(t, a, x| P, Q, v) da) .

0

Conversely, let (B, P, Q,v)e X* satisfy (2.21), (2.22), (2.23), (2.32) and (2.33),
then, by Lemma 2.3, P, Q, and #, belong to C((0, ) x [0,[]). If we define
u(a, t,x) as in (2.20), then, by Lemma 2.2 (iii), (4, v) is a solution of (2.1)-
(2.3). Thus, to establish Theorem 2.1, it is sufficient to show

LEMMA 2.5. There exists a unique solution (B, P, Q, v) € X* of (2.21), (2.22),
(2.23), (2.32) and (2.33).

ProoF. First let (P, Q, v) € X3 be fixed and define & : X —» X by

(FB)(t, x) = jt B(a, P(t, x))¥(a, t — a,x|B, P, Q, v) da
0

+ Jw B(a +t, P(t, x))®D(t, a, x| P, Q,v)da.
0

Then, it follows that for any T > 0 there is some constant K; > 0 with
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(FB)(t, x) — (FB)(t, x)| < K, j |B(s, ) — B(s, *)l ds
0

for (t,x)e[0, T] x [0, 1], from which we obtain that for each (P, Q,v)e X3
there is a unique solution Be X of (2.21). We denote such a solution by
B(t, x| P, Q, v) in order to indicate its dependence on P, Q and v. Then, by the
use of Gronwall’s inequality the following estimates hold:

(i) For any T > 0, there is some constant K, > 0 with

(2.34) 0<B(t x|P,Q,v)<K,

for (t, x) € [0, T] x [0, 1]
(i) For any T >0 and r > 0, there is some constant K5 > 0 such that if
IPllz, IIPllr, IBlly <r, then

IB(ts X‘P, Q, U) - B(t’ xlﬁ’ Q’ 5)‘

< KS(IP(t’ ) - ﬁ(t, )loo + J {lP(Ss ) - P(S, )loo

0

(2.35)
+10(s,°) = O, o + [0(s, ) = B(s, )} dS)

for (t, x) e [0, T] x [0, I].

Denote by F,(t, x| P, Q, v), F,(t, x| P, Q, v) and F;(t, x| P, Q, v) the right-hand
side of (2.22), of (2.23) and of (2.32), respectively, with B replaced by
B(:,|P,Q,v). Then, F,eX (i = 1,2,3) and, by (2.16)«2.19), (2.27), (2.28), (2.34)
and (2.35), the following estimates hold:

(i) For any T > 0, there is some constant K¢ > 0 with

(2.36) =1 Fi(t, x|P, @, v) < K

for (t, x) e [0, T] x [O, I].
(i) For any T > 0 and r > 0, there is some constant K, > 0 such that if
IPllz, 1Pz, I8l <r, then

i1 |F(t, x| P, @, v) — F(t, x| P, 0, D)

0
+ lo(s, *) — (s, )} ds

(237) < K7J {lP(Ss ) - P(S, )loo + lQ(Ss ) - Q(S, )loo

for (t, x) € [0, T] x [0, I].

Using these estimates we see that there exists a unique solution (P, Q, v) €
X3 of P(t,x) = F,(t x|P,Q,v), Q(t x) = F,(t,x|P,Q,v) and wv(t,x) =
F;(t, x| P, Q,v). This completes the proof of Lemma 2.5.
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3. Stability analysis of stationary solutions

In this section we consider the case when the birth function f(a, P)
is independent of P and study spatially homogeneous stationary solutions
of (2.1)—(2.3) which correspond to the extinction of the predator. We write
p(a, P) = f(a). Note that such a solution is of the form (i#(a),0) with ue
C(R,)n C*(0, o0), i“(a) > 0 and

di _

£+(ll +,P)E=0 (a>0)
G.1) 3

u(0) = f B(a)u(a) da ,

0
where
(3.2) B = J 2@ da .
0

It is obvious that (0,0) is always a stationary solution. The following
proposition, which is a special case of [5] Theorem 6, gives a necessary and
sufficient condition for the existence of stationary solutions of the form (ii(a), 0)
with #(a) # 0.

ProposITION 3.1. If (3.1)—(3.2) has a non-trivial solution, then

(3.3) J‘w B(@)e *da > 1
0

holds. Conversely, if (3.3) holds, then there exists a unique solution u(a) (£0) of
(3.1)—(3.2) and it is given by

(3.4) it(a) = Be~itpha
with
(3.5) B=23"p*(A + %),

where p* is a unique positive root of
(3.6) F Bla)e A1+Pa gg = 1
0
We first consider the case when
3.7 Jw B(a)e ™ da < 1.
0

The following proposition claims that in the case of (3.7) both of the species will
become extinct for large time.
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PROPOSITION 3.2. Let (3.7) hold and let (u, v) be the solution of (2.1)—(2.3),
then

(3.8) lim,,, P(¢t, x) = lim,_, , v(t, x) = 0.

ProoF. Define ii(a, t, x) = e*''u(a, t, x). Then, i satisfies

Di < ki, (a,t>0,0<x<])
i(a,t,0)=1d(a,t,])=0 (at>0)
ii(a, 0, x) = uy(a, x) (@=0,0<x<].

Using the comparison theorem, we have

lugla — t, )lpe™™* (a>1)
IB(t —a, ")l e (@<,

(3.9) u(a, t, x) < {
where B(t, x) = u(0, t, x). By the first equation of (2.2) and (3.9) we have
t
B(t, x) < f B(a)e | B(t — a, "), da + Bllugll e,
0

with B = sup {B(a)lae R,} and |upl., = {5 1uo(a, *)l, da, and the assumption
(3.7) implies
(3.10) B(t, x) < Ce™?*
with some constants C >0 and pe(0, 4,). (3.10) implies
t

P(t, x) SJ e™M|B(t — a, *)|y, da + |luglle™" < Cle P
0

with some constant C’'>0. This means lim,., P(t,x)=0, and so, for
sufficiently large ¢,

Uy + (81/2)1) < kZUxx .

Then, the comparison theorem implies that lim,_, v(t, x) = 0. This completes
the proof.

We next consider the case of (3.3). Moreover, the following condition is
imposed on the birth function f(a):

(A.6) BeC0,0) and B e L0, 0).

If we take ugy(a, x) = ug(a) and vy(x) =0, then v(t, x) = 0, u(a, t, x) is indepen-
dent of x and is governed by
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(Du+(/1, + A,Pu=0 (a,t > 0)

u(0,t) = on B(a)u(a, t)da (t > 0)
(.11) J 0

P@t)= Jm u(a, t) da t>0)

0

L u(a, 0) = ug(a) . (a=0).

(3.3) implies that u=0 is an unstable equilibrium of (3.11), that is, the
trivial solution (0, 0) is unstable in our full system. (It is proved in Marcati [9]
that under the assumption that the age-interval is finite and uy(a) # 0, the
solution of (3.11) tends to the unique non-trivial stationary solution #(a) as
t— 0.

In what follows we investigate the local stability of the stationary solution
(#(a), 0) with #(a) defined in (3.4), (3.5). Set w(a,t, x) = u(a, t, x) — u(a) and
consider the linearized version of (2.1)—(2.3):

(Dw + (A, + A, P)w + A,ii(a)p + ,ul(a)u(f) v=k,w,,

+Q

w(0, t, x) = Jm Bla)w(a, t, x) da
0
(3.12) ) w.(a,t,0)=wiat,)=0
1 o)
v, + <81 - W . c(a)u(a)u(a) da)v = k,v,,
¥vx(ta 0) = vx(t’ l) =0 )

where
p(t, x) = f w(a, t,x)da,
0

P= on u(a) da

0

and
Q= J ) w(a)h(a)i(a) da .
0

If (3.12) has no eigenvalues in the right half-plane Re y > 0, then (i(a), 0) is
stable in our full nonlinear system, while if (3.12) has at least one eigenvalue
with a positive real part, then (#i(a), 0) is unstable. This is proved in Gurtin
and MacCamy [5] for the case of the absence of spatial movement, and it is
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easily seen that their methods can be applied to our diffusion model. So, in
order to find eigenvalues of the linearized problem (3.12), we set w(a, t, x) =
Ww(a, x)e” and v(t, x) = ¥(x)e” with y € C. Then, (W, §) satisfies

( wa)i(a) .

W, + (4, + p* + )W + Au(a)p + — D = kW,
(A1 +p* +7) 2u(a)p 140 1

(3.13) 3 W(0, x) = on B(a)w(a, x) da
0

| Wy(a, 0) = Wy(a, ) = 0

with

(3.14) p(x) = J:O w(a, x) da ,

and

(3.15) {f}s o 2”:(,;‘: -

with

(3.16) S=e,—— | c@u@iia) da.

14+0Q Jo
We first find solutions w(a, x) of (3.13), (3.14) for any fixed ¥(x).

LEMMA 3.3. There exists some constant y, (0 <y, < p*) such that (3.13)-
(3.14) has a unique solution W(a, x) for Rey > —7v, and for any fixed ¥ € C*[0, []
with §,(0) = 7,(1) = 0.

The proof of this lemma will be given at the end of this section. On the
other hand, we see that (3.15)—(3.16) has non-trivial solutions if and only if

y=—8—(ky/I)n*n®  (n=0,1,2,...).

Combining these results we obtain the following:

(i) If S>0, then each eigenvalue y of (3.13)-(3.16), if it exists, satisfies
Rey < —min (yy, S).

(i) If § <O, then (3.13)—(3.16) has at least one real positive eigenvalue.
Thus, we have

THEOREM 3.4. Assume (3.3) and (A.6). Then, we have the following:

(1) If S > 0, then the stationary solution (u(a), 0) is exponentially asymptoti-
cally stable in L*(R.., C[0, 1]) x C[O, I].

(i) If S <O, then it is unstable.
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ProOF OF LEMMA 3.3. The proof is similar to the proof of Marcati and
Serafini [10] where linear age-dependent diffusion models are treated. Let
Y = C[0, ] and define the linear operator 4 in Y by

d*u
(3.17) Au = kl W
for ue 2(A) = {ue C*[0,1]|u'(0) = u'(l) = 0}. Then, A generates an analytic
semi-group {T(t)},», which satisfies

(3.18) ITO <1 for teR,,

where ||-|| denotes the operator norm in Y. By means of these operators, the
first equation and the last one of (3.13) are rewritten as an ordinary differential
equation in Y:

W wla)u(a)

dw
— 4+ (A * LW + A,i(a)p 5= AW
Ia (41 + p* + )W zu(a)p+l+Qv W

or equivalently,

W(a) = e ®1*P AT (g)h

(3.19) _ o [
— A, Be~(itpha J e " T(s)ds p + f,(a)7,
0
where
(3.20) b = w(0)
B o [
(3.21) f@= T30 e~ hitpMa L ula — s)e ™ T(s) ds .

Substituting (3.19) into the second equation of (3.13) and (3.14), we obtain

|:IE:| = Jw [ﬂ(a)] e"MHP T (g) da b
p 0 1

(3.22) — A,B on |:B(1a):| e~ hitra g fﬂ e "T(s)ds p

0 0

+ J‘w |:'B(1a)]fy(a) dat.

Define the matrix-valued function ¢ (a) by

A(a) = I:Ku(a) Klz(a):l

K;i(a) K;y(a)



240 Shin-ya TAKIGAWA
Ky@|_(B@] - +pa
[Ku @] - [ ‘ ] ()

Kiy(a@) | _ Q (B +p*)s
(0] arip [ [P

The boundedness of f and (3.18) yield the estimate

with

and

| Ki;(a)ll < constant - e~*1+#9e

which implies that the Laplace transform ¢ *(y) = [K¥(y)] of A (a) exists for
Rey > —(4; + p*). Then, (3.22) takes the simpler form

(3.23) [1—x*y]X=F% (Rey> —(4; + p*)
with

(3.24) Y=B] =Ljqummm.

Conversely, if X e Y? satisfies (3.23), then W(a) in (3.19)is a solution of (3.13)—
(3.14). Thus, our problem has been reduced to solving the equation (3.23)
in Y2,

Our next step is to discuss about the distribution of the values of y for
which 1 — X"*(y) is invertible. For this purpose we denote by D(y) the “deter-
minant” of 1 — A "*(y), that is,

(3.25) D(y) = (1 = K1) — K%,(7) — KT, () K5, () -

From the fact that the components of 1 — A *(y) are commutative with each
other, it follows that if D(y) has a bounded inverse, so does 1 — " *(y). In fact,
the inverse of 1 — A "*(y) is given by

R

- 4| 1=K5(0) —K§L0)
(3.26) [1—2*y)]1" = D(y) ‘[ 2 .
-K3,00)  1-K},0)
An easy calculation shows that
3.27) D(y)=1-— ‘[ e Pp(s)T(s) ds,
[0]
where

(3.28) () = e PIp(s) — p* r Blaye 1+ da..
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Since D(y) has a bounded inverse in Y if and only if 1€ p(1 — D(y)), it is
sufficient to study the spectrum of

1 —D(y) = f e Pp(s)T(s)ds .
0
Set
(3.29) D,(2) = j e M p(s)ds (Rez < Rey+ Ay + p*)
0

then @,(4) =1 — D(y). In view of the spectral mapping theorem (see, Hille
[6], for instance), we obtain

(3.30) o(1 — D(y)) = o(®,(4)) = D,(c(4)) L {0} .
We next study the scalar function @,(z). (3.28) and (3.29) imply that

1 —p* f ap(a)e” 47" da =)

0
(1+

Therefore, z is a root of ®,z) =1 if and only if either of the following
conditions holds:

(331) @,z =

LY *
)J Baje trr e rda— Lz #y).
0

p*
Y—z Y-z

(1) z=y+p*.
(ii) z#y and f Bla)e~RrHP*+r=aa 4 — 1 |
(1]

From the theory of analytic functions it follows that there is some constant p
(0 < p < p*) with

(3.32) Jm Bla)e™*1*P dg 3 1
0

for Re p > p and p # p*. Consequently,
(3.33) D(z2)#1 for Rez<Rey+p*—p.

Now, let Rey > — (p* — p). Since g(A) lies in the left half-plane Re y <0,
it follows from (3.30) and (3.33) that D(y) has a bounded inverse, and therefore,
(3.23) has a unique solution in Y2 given by

(3.34) X=(1—A*@y)'Fp.

This completes the proof.
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