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Existence and uniqueness of positive periodic
solutions for a class of differential delay
equations

By

Min-Jei HuUANG and Duo-Yuan CHEN

Abstract
The existence of a unique positive periodic solution for the differen-
tial delay equation z'(t) = —a(t)z(t) + b(t) f (z(t — c(t))) is established.
Our method is based on Hilbert’s projective metric and the contraction
mapping principle.

1. Introduction

Much work has been carried out on the existence of positive periodic solu-
tions for various types of functional differential equations (see, e.g., [3], [6], [§]
and references therein). One of the most common approaches to a problem of
this nature is to use Krasnoselskii’s fixed-point theorem ([5]). In this paper we
consider the differential delay equation

(1.1) ' (t) = —a(t)x(t) + b(t) f (x(t — c(t))) ,

where a, b and c are continuous w-periodic real-valued functions with f: a(t)dt

>0, [;"b(t)dt > 0 and b(t) > 0 for ¢t € R. Under certain conditions on f, we
shall show that the equation (1.1) has a unique positive w-periodic solution.
The technique of proof is based on the following observation. Solving (1.1) is
equivalent to finding a continuous w-periodic function x(¢) such that

t+w
(1.2) x(t) = t G(t,5)b(s)f (x(s — c(s))) ds,
where
eff a(u)du

efg" a(u)du __ 1’

G(t,s) = 0<t<w, t<s<t+w.
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Equation (1.2) is a fixed-point equation for the map

t+w

(Ax) (t) = G(t,8)b(s)f (x(s — c(s))) ds.

t

The idea is to introduce Hilbert’s projective metric on an appropriate cone in
which the contraction mapping principle can be applied.

Much of the work in this paper is motivated by results which appear in
Bushell [1] and Potter [7]. In Section 2, we introduce the projective metric and
review the basic properties of positive operators. Section 3 contains an estimate
of the contraction ratio for the linear integral operator

t+w
(Lx) (t) = G(t, s)b(s)x(s)ds.

t

The main results are given in Theorems 4.1 and 4.2.

2. Projective metric

Let X be a real Banach space, and let K be a closed solid cone in X, that
is, a closed subset K with the properties: (i) K , the interior of K, is not empty,
(ii) aK + K C K for all ¢ > 0 and (iii) K N (—K) = {0}. Then K defines a
reflexive and transitive partial ordering on X by « <y if and only if y —2 € K.

For z, y € ID(, we let

M(z,y) =inf{\: z <Ay} and m(z,y) =sup{p: py <z}.
The Hilbert projective metric is defined in K by

d(z,y) = log %

Lemma 2.1 (Bushell [1]).  Forz, y € K,
(a) 0 < m(z,y) < M(x,y) < 0.

(b) m(z,y)y < & < M(z,m)y.

(¢) d(A\x, py) = d(z,y) for all A, p > 0.

We define for r > 0, E, = {x eK: |z = r}. Then {E,,d} is a metric
space for all » > 0 ([1]). Moreover,

Lemma 2.2 (Bushell 2], Huang-Huang-Tsai [4]).  Suppose that the
norm in X is monotonic, that is, 0 < x <y implies ||| < ||y||. Then {E,,d}
1s a complete metric space for all r > 0.

Definition 2.1. Let T : K — I%, and let p € R. We say that

(a) T is increasing (respectively, decreasing) if z,y € K and z <y imply
Tz < Ty (respectively, Tx > Ty). )

(b) T is homogeneous of degree p if T (Az) = APT'z for all x € K and A\ > 0.

(¢) T is p-concave (respectively, p-convex) if T' (Ax) > APTz (respectively,
T (Az) < XTzx)forallz € K and 0 < A < 1.
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If T is homogeneous of degree p, it is clear that T is p-concave and p-convex.
Note that T is p-concave (respectively, p—cconvex) if and only if T(ux) < pPTx
(respectively, T'(ux) > pPTz) for all z € K and p > 1. An important fact is that
increasing p-concave and decreasing (—p)-convex operators are p-contractions
in Hilbert’s projective metric.

Theorem 2.1 (Potter [7]).  Let the norm in X be monotonic, and let p
> 0. Suppose that T : K — K is either increasing p-concave or decreasing
—p)-convex. Then

(
d(Tz,Ty) <pd(z,y) forallz, y€E,..

Definition 2.2. If T : K — K, the projective diameter A(T) of T is
defined by

AT = Sup{d(Tm,Ty) tx, Y€ K},

and the contraction ratio k(T) of T is defined by
k(T) = inf{)\ 2d (T, Ty) < M (z,y) forall z, y € K}

If T is linear, there is a relation between its contraction ratio and its
projective diameter.

Theorem 2.2 (Bushell [1]). IfT: K — K is a linear mapping, then

E(T) = tanh AELT).

3. Preliminaries

Throughout this paper, we shall assume that X is the Banach space of
continuous w-periodic real-valued functions on R with the norm

]| = sup {Jz(t)| : 0 <t <w},

and that K is the closed cone of nonnegative functions in X so that K is the
set of positive functions in X. Note that the norm in X is monotonic.
We consider the differential delay equation of the form

(3.1) ' (t) = —a()x(t) + b(t) f (z(t — c(1)))

and suppose that
(H1) a(t), b(t) and ¢(t) are continuous w-periodic real-valued functions.
(H2) o= [ a(t)dt > 0.
(H3) 8= [ b(t)dt >0 and b(t) > 0 for t € R.
(H4)

H4) the function f is continuous and positive.
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To study the existence of positive w-periodic solutions for (3.1), we define
the nonlinear integral operator A : K — K by

t+w
(Az) (1) = / G(t, 5)b(s) f (a(s — c(s))) ds,

where
eJi a(u)du
e —1
An elementary computation then shows that the existence of a unique positive
w-periodic solution of (3.1) is equivalent to the existence of a unique fixed point
of Ain K. . )
Now define ' : K — K by

(3-2) (Fz) (t) = f (x(t = c(t)))

and define the linear integral operator L : K—>K by

G(t,s) = , 0<t<w, t<s<t+w.

t+w
(3.3) (Lx) (t) = G(t,5)b(s)x(s)ds
t
so that A= Lo F.
We shall require some estimates concerning the projective diameter A (L)
of L. For this, let

a* = max a(t) and a, = min a(t).
0<t<w 0<t<w

Since o > 0, we have a* > 0. Let us consider first the case a, < 0. In this case,

*
ayw a*w
e e

<Gt s) <

34
(3.4) e —1 e —1

forogtgwandtgsgt—i—w.So,ifxe[%,wehave
a*w

ea*w

e —1

/w b(s)x(s)ds < (Lz) (t) < /w b(s)x(s)ds
0 0

e —1
for 0 <t < w. This implies that

a*w

M (Lz,xo) <

/Ow b(s)x(s)ds

ex —1

and
eCL* w

m (Lx,zg) > S /0‘” b(s)x(s)ds,

where zo(t) =1 for all ¢t € R. It follows from the definition of d that

d(Lz,z0) < (" —a.)w forallz € K,
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and hence, by the triangle inequality, that
d(Lz,Ly) <2(a* —a.,)w forallz, yeK.
This shows that
A(L) <2(a” — ay) w.

Considering next the case a, > 0, we have

(o3

(3.5)

< G(t <
ea—l_G(’s)_ea—l

for 0 <t <wandt<s<t+w. From this, we obtain in the same way as above
the result that

A(L) < 2.

Since L is linear, we can now apply Theorem 2.2 to obtain the following lemma.

Lemma 3.1.  Let L be given by (3.3). Then the contraction ratio k(L)
of L satisfies

1/6 if ax <O
<
R(L) < { 1/n if a. >0,
where
(a* —a.)w 1 a 1
6= e Tl and n= €t

- elar—aw e —1

4. Main results
We consider first the case f(z) = 2P so that (3.1) is now
(4.1) z'(t) = —a(t)x(t) + b(t) [z(t — c(¥))]".

Theorem 4.1.  Suppose that (H1) to (H3) hold.

(a) If ax < 0, then the equation (4.1) has a unique positive w-periodic
solution provided —0 < p < § and p # 1.

(b) If ax > 0, then the equation (4.1) has a unique positive w-periodic
solution provided —m < p < n and p # 1.

Proof. By our remarks at the beginning of Section 3, the theorem will be
proved when it is shown that the operator A = L o F" has a unique fixed point
in K. Here, F': K — K is defined by

(Fz) (t) = [zt — c(t)]",

which is homogeneous of degree p.
If p > 0, then F is increasing. If, on the other hand, p < 0, then F is
decreasing. In either case, we have

(4.2) d(Fz,Fy) < |p|d(z,y) forallz, ye E;
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by Theorem 2.1. Now consider the operator A : Fy — E; given by
Az = Az/ ||Az| .
It follows from Lemma 2.1(c), Lemma 3.1 and (4.2) that for all z, y € Ej,
d(L(Fx), L(Fy)) < k(L)d (Fz, Fy)
%d( y) if a. <0
Pla@,y) ifa.>0"

d ([lm, fly)

{

where |p| /6 < 1 and |p| /n < 1 by our hypotheses on p. Thus, A is a contraction
in Hilbert’s projective metric. Since {F1, d} is complete, there exists a unique z

in B such that Az = z. Thus, Az = Az z. If we set z = ||Az||ﬁ z, it follows
that x is the unique fixed point of A in K. This proves the theorem. O

Remark 1. Theorem 4.1 may not be true in the linear case p = 1. For
example, if b(t) = b > 0 and ¢(t) = 0 for all ¢, where b # a/w, then the equation
2’ (t) = —a(t)z(t) + bz(t) has no positive w-periodic solution.

We consider next the case where
(H5) f:[0,00) — (0,00) is a continuous decreasing function and satisfies

fz) < Nf(x) forallz>0and 0 <A< 1.

Obviously in (H5) it is necessary that p < 0. Simple examples of such f are
given by f(z) = (1 + )" + (1 +2)?, where p < ¢ <0 or f(z) =1/log(2+ z)
for p = —1.

Theorem 4.2.  Suppose that (H1), (H2), (H3) and (H5) hold.

(a) If ax < 0, then the equation (3.1) has a unique positive w-periodic
solution provided —0 < p < 0.

(b) If ax > 0, then the equation (3.1) has a unique positive w-periodic
solution provided —m < p < 0.

Proof. Since f satisfies condition (H5), the operator F' defined by (3.2)
is decreasing and p-convex. Thus, by Theorem 2.1,

d(Fz,Fy) <|p|d(z,y) forallz, ye€ E,.
Now for each r > 0, define A, : E,. — FE, by
Arx =rAx/ || Az .

As in the proof of Theorem 4.1, we find that

=

3[R

d(z,y) if ax <0
d

d(Ar-T,AT‘y)S{ (2,y) if ax >0
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forall z, y € E,.. So, A, is a contraction by our hypotheses on p. Since {E,., d} is
complete, A, has a unique fixed point in E,.. Thus, for each r > 0, there exists a
unique pair (z,, A;) € E,. x (0,00) such that Az, = Az, where A, = ||Az,| /r.
We now want to prove that there is exactly one r such that A\, = 1. This will
imply that the operator A has a unique fixed point in K , and so, by our previous
remarks, the theorem follows.

Since f is decreasing and x,. € E,, we have

f(r) < f(a.(s—c(s))) < f(0) for all s.
Thus, by (3.4) and (3.5), we find that

S8 < Ay | € £5F(0)8 if an <0
e f()B < Az || < Z=f(0)8 if ar 20"

where # = ["b(t)dt > 0. In either case, we conclude that

(4.3) lim A, =00 and lim A\, =0.
r—0 7—00

The continuity of f implies that A : K — K is continuous in the norm
topology. By an argument similar to that in the proof of Theorem 3.4 ([4]),
we can prove that the mapping r — A, is continuous. Moreover, it is strictly
decreasing. To prove this, let r < s and for simplicity of notation, let M =
M (zs,2,) and m = m (zs,x,). Then ma, < x; < Mz,. Since the norm is
monotonic, we have mr < s < Mr so that M > 2 > 1. We now show that
m > 1 also. Suppose on the contrary that m < 1. Then, since F is decreasing

and p-convex,
mPFx, > F (mz,) > Fzy > F (Mx,) > MPFz,.

This gives

M (Fzg, Fx,) <mP
m (Fzg, Fx,) > MP

and so d (Fzg, Fx,) < |p|d(xs,x,). It follows that
d(zs,x,) = d(Axs, Az,) < k(L)d (Fzs, Fa,) < k(L) |p|d (zs, xy) .

But k(L) |p| < 1 and so d(xs,z,) = 0. As a result, M = m, which contradicts
the fact that M > 1. Hence m > 1 and so z, < x,. Since A is decreasing,
we have A;xs = Az, < Az, = Az, so that z; < (A\./As) z,. This gives
(Ar/As) > M > 1 and therefore A\ > s as required.

The fact that there is exactly one r such that A\, = 1 now follows from
(4.3) and the intermediate value theorem. This completes the proof of the
theorem. O

Remark 2. (a) The result of Theorem 4.2 is only proved in [6] if —1 <
p < 0. (b) The argument in the proof of Theorem 4.2 cannot be applied directly
to the case f(z) = P, p <0, since f(0) is undefined.
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Finally, We consider the case where

(H6) f:(0,00) — (0,00) is a continuous increasing function and satisfies
fOx) > M f(x) forallz >0and 0 <\ < 1.

Obviously in (H6) it is necessary that p > 0. Then the operator F' defined
by (3.2) is increasing and p-concave. Since L is linear and positive, it follows
that A = Lo F is increasing and p-concave. By Theorem 3.4 of [4], we have the
following result.

Theorem 4.3.  Suppose that (H1), (H2), (H3) and (H6) hold, where
0 <p < 1. Then the equation (3.1) has a unique positive w-periodic solution.

Remark 3. (a) Theorem 4.3 is also proved in [6]. (b) The requirement
0 < p < 1 is critical for Theorem 4.3 to hold. Indeed, the function f(x) = =
satisfies condition (H6) for any p > 1. However, the example in Remark 1 shows
that the conclusion of Theorem 4.3 is not true in this linear case.
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