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Abstract: The paper deals with the existence of positive w-periodic solutions for a class of nonlinear delay
differential equations. For example, such equations represent the model for the survival of red blood cells in an
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1 Introduction

In this paper, we consider the existence of positive w-periodic solutions for the nonlinear delay differential equation
of the form

X(1) = —pO)x@) + Y qi () f(x(x (1), = 1o. (1)

i=l1
With respect to (1) throughout the paper we will assume the following conditions:
(i) p.qi € C([tg,0),(0,00)), i =1,....n, f € CY(R,R), f(x)> 0forx >0,
(i) 7; € C(tg, ), (0,00)), 7;(t) <t and lim; oo 7i (2) =00, i = 1,...,n.

In the last several years, the problem of the existence of positive periodic solutions for the nonlinear delay differential
equations received a considerable attention. It is due to the fact that such equations have found a variety of
applications in several fields of natural sciences. They have been proposed as models for physiological, ecological
and physical processes, neural interactions [1-3], etc.

One important question is whether these equations can support the existence of positive periodic solutions.
Such question has been studied extensively by a number of authors. For example the authors in [2, 4-9] studied the
existence, multiplicity and nonexistence of positive periodic solutions for the nonlinear delay differential equations.
Periodic properties of solutions of some special types of differential equations are discussed in [10, 11]. Zhang,
Wang and Yang [12] and Lin [13] studied the existence and exponential stability of positive periodic solutions.

In this paper, we will obtain existence criteria for the positive w-periodic solution of (1) and sufficient conditions
for the exponential stability of such solution. The existence results in the literature are largely based on the
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assumption that the functions p(¢), ¢;(¢), i = 1,...,n are w-periodic. It is interesting to know if there is a
positive periodic solution of (1) when the periodicity conditions for the functions p(t), ¢;(¢), i = 1,...,n are
not satisfied. This substantially extends and improves the results in [7-9, 14] where the exponential stability for the
positive periodic solution is not studied.

The following fixed point theorem will be used to prove the main results in the next section.

Theorem 1.1 (Schauder’s Fixed Point Theorem [6, 15]). Let 2 be a closed, convex and nonempty subset of a
Banach space X. Let S : Q — Q be a continuous mapping such that S(2) is a relatively compact subset of X .
Then S has at least one fixed point in 2, that is, there exists an x € Q such that Sx = x.

The remaining of this paper is organized as follows. In Section 2, we consider the existence of positive periodic
solutions. In Section 3, the exponential stability of such solution is treated and in Section 4, the obtained results are
applied to the model for the survival of red blood cells and illustrated with an example.

2 Existence of positive periodic solutions

In this section, we will study the existence of positive w-periodic solutions of (1). We choose 7" sufficiently large so
thatt;(t) > tofort > T,i =1,...,n.

Lemma 2.1. Suppose that there exist functions k; € C([T, 00), (0,00)), i = 1,...,n such that
+w n
/ [-pe) + Y ai@ki)]ds =0, 1=T. ®)

y i=1

Then the function

{ n
wo) =exp ([ [= )+ Y aokio)]ds). 1=,
T

i=1

is w-periodic.

Proof. Fort > T, we obtain

+w n
w(t +w) = exp( / [— p(s) + Z q;i (s)k; (s)] ds)
i=1
7; n +w n
— oo ([ [-r0+ Y awko]ds) e [ [-r6)+ Y aoko]ds) = we.
T i=1 7} i=1
Thus, the function w(z) is w-periodic. O

Theorem 2.2. Suppose that there exist functions k; € C([T, 00), (0,00)), i = 1,...,n such that (2) holds and

7j (1)

Pleo( [ [-r0+ Yawkio]d)

i=1

i=1

T
z n
Xexp(/ [P6) = D ai ki )] ds) =k ). () =T, j=1.....n. 3)
T

Then, (1) has a positive w-periodic solution.
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Proof. Let X = {x € C([to,00), R)} be the Banach space with the norm [|x|| = sup,,, |x(¢)|. With regard to
Lemma 2.1 for the function

! n
wi) =exp ([ [- )+ Y aoki©)]ds). r=7,
T

i=1

weget0 <m <w() <M, t>T,where

[- 06+ Y a0k )] )|

i=1

m = min {exp(
tel[T,00)

[= 06+ 3 aiki(o)] ds)]. )

i=1

M = max {exp(
t€[T.00)

No— | N—

We now define a closed, bounded and convex subset 2 of X as follows:

Q={xeX xt+ow)=x@), t>T,
m=x@t)<M, t=T,
ki(x(t) = f(x(zi(2), i=1....n, 12T,
x(t)=1, to<t<T}

Define the operator S : 2 — X as follows:

t

/ o)+ qu( )f(x(fi(s)))]ds) (=T,

(Sx)(r) = x(s)

i=1
<t

, =

We will show that for any x € Q, we have Sx € Q. Forevery x € Q andt > T, we get

—p() + Y ai(ki(s) | ds) = M

i=1

—p() + Y qi(s) ————"=

i=1

(S2)(1) = exp (

N —
| —

13
S,
( ) = exXp 7[

Furthermore, for t > 7 and x € 2, we obtain

1

(520 =exp ([ [~ o)+ > a6k 6)] ds) = m

- i=1
Fort € [to, T] we have (Sx)(t) = 1. By hypothesis (3) forevery x € Qand 7; (1) > T, j = 1,...,n, we get

T (1)

£ @) = 1 (exp / [—p(s)+iqi(s)w]d5))

T i=1 x(5)

7 (1)

f(exp(/ [—P(S)"'iql'(s)f(xggs)))]ds»

> i=1

()~ 3 it DT )

X

exp (

i=1

[0+ 3 i EEON 1)

i=1 x(s)

X

exp (

Ne— L N—
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7 (0 n
— (e ( [ [-r0+ L aoko)]d))
5 i=1
z n
<o ([ [0 X aioio]ds)smw
i=1

T
=k;(O)(Sx)@t). j=1.....n.

Finally, we will show that for x € ©, ¢ > T the function (Sx)(t) is w-periodic. For x € @, ¢ > T and according
to (2), we obtain

w

[_ o(5) + Z": PRYACLL (S)))] ds)

St +w) = exp( B

i=1

[= 00+ 3 o)k )] ds)

i=1

= exp(

w

[-p@)+ > o)k (9] ds) = (S0,

i=1

X exp(

i

Thus (Sx)(t) is w-periodic on [T, co). Therefore we have proved that Sx € € for any x € Q.
We now show that S is completely continuous. At first we will show that S is continuous. Let xx = xx (t) € Q
be such that xz (1) = x(t) € Q ask — oo.Fort > T, we get

Xk (5)

! n
(526 (0) = (S0O)] = |exp ( / [—p6) + 3 a0 LD 4
T

i=1

[ o)+ iqf © f(x(n(s)))] &)

—exp )

Ne—

i=1

Since f(xi(zi () /xk(t) — [f(x(zi(?)))/x(t) ask — oo for i = 1,2,...,n, by applying the Lebesgue
dominated convergence theorem, we obtain that (cf. [13, p.66], [16, p.95])

Jim[[(Sxi0)(0) = (Sx)0)] = 0.

For t € [tg, T the relation above is also valid. This means that S is continuous.

Now, we will show that S(€2) is relatively compact. It is sufficient to show by the Arzela-Ascoli theorem that the
family of functions {Sx : x € Q} is uniformly bounded and equicontinuous on every finite subinterval of [tg, 00).
The uniform boundedness follows from the definition of 2. It remains to prove the equicontinuity. Using (4), we get
fort > Tandx € Q :

x(0) P x(5)

%(Sx)(z)) = ‘—p(t) + iqi(t)M eXp(j [—p(s) + iQi(S)M]ds)
i=1 T

i=1 i=1

n { n
—[=p0+ Yk o|ew( [[-r6)+ Y aokio)]ds) < an. b >0
T

Fort € [tp, T]and x € 2, we obtain:

d
L (S ‘ =0.
| (500
This shows the equicontinuity of the family S(£2) and, therefore, S is completely continuous (cf. [6, p.265]). Hence
S () is relatively compact. By Theorem 1.1, there is an xg € 2 such that Sxg = x¢. Therefore, by the definition

of S, we have that xo(?) is a positive w-periodic solution of (1). The proof is complete. O
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3 Stability of positive periodic solution

In this section, we consider the exponential stability of the positive periodic solution of (1). Let r =
ming <; <, {inf;>7 7; (¢)}. We denote x(¢;T,¢), t > r, ¢ € C([r,T],(0,00)) for a solution of (1) satistying
the initial condition x(¢; T, ¢) = ¢(¢), t € [r,T], where T is the initial point. Let x(¢) = x(t; T, ¢), x1(t) =
x(t;T, 1) and y(¢) = x(t) — x1(¢), t € [r,00). By (1), we get

PO ==p@Oy0) + Y qiOf @ @0) - fri@@)), =T

i=1

By the mean value theorem, we obtain

Z d
50 = OO+ 3 a0 f G ) —xi @), S/ = L
i=1
O =—pOyO) + Y ai@) f «Hy@@), =T )
i=1
Lemma 3.1. Assume that | f'(x)| <a, x € (0,00), t —7;(t) <b, t>T,i=1,...,nand

IS;JI; { —pt)+a Z qi(t)} < 0.

i=1

Then there exists A € (0, 1] such that

n
—p(t)—i—)u—i—ae)‘qui(l) <0 for t>T.

i=1
Proof. Define a continuous function H (u) by
n
H(u) = sup {— p(t) +u+ae*t Z q,-(t)}, u €[0,1].
=T :
= i=1

By hypothesis, we get

H(0) = ls;;; { —p(t)+a Zqi(t)} < 0.

i=1

According to the continuity of H(u) and H(0) < 0, there exists A € (0, 1] such that H(A) < 0, that is

n
—p®)+ A +aet? Zqi(t) <0 fort>T.
i=1
We have achieved the desired result. O
Next we will assume that the function
n
F(t.x.x1.....x) = =pOx(0) + Y qi () f(xi (). 1=,
i=1

satisfies Lipschitz-type condition with respectto x,x; >0, i = 1,...,n.

Definition 3.2. Let x1(t) be a positive solution of (1). If there exist constants Ty x,, Ky x, and A > 0 such that
for every solution x(t; T, ¢) of (1)

IX(t:T. @) — x1(t)| < Ky xye™ M forallt > Ty, .

Then x1(t) is said to be exponentially stable.
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In the next lemma, we establish sufficient conditions for the exponential stability of the positive solution x1 (1) =
x(; T, 1) of (1).

Lemma 3.3. Suppose that | f'(x)| <a, x € (0,00), t —1;(¢) < b, t >T,i=1,...,nand
n
sup {— pt)+a Z qi(t)} < 0.
=T i=1
Then there exists A € (0, 1] such that
IX(t:T. @) —x(t: T, ¢1)| < Kp.x,e ™, 1>T,

where Ky x; = maxX;e[r,77] A y(0)] + 1.

Proof. We consider the Lyapunov function
L(t) = |y@)]e*, t=>r, Ae(01]

We claim that L(¢#) < Ky x, for ¢t > T. In order to prove it, suppose that there exists #x > T such that L(tx) =
Ky x, and L(t) < Ky x, fort € [r, ts). Calculating the upper left derivative of L(¢) along the solution y(¢) of (5),
we obtain

DT(L@) < —pOyOle* +e* > i) f' &)y @) + Aly@)]e* . 1 = T.

i=1

For t = 4 and applying Lemma 3.1, we get

0< D7 (L(tx)) < [A = p)]ly(E)le +ae™ Y qi(t)]y (i (tx))]

i=1

n
= A= pE]y()|e +a Y qi ()3 (1 (1)) |37 A7 0D

i=1

= b= Pt Kz, +a Y i (1) LT (1)) 771D

i=1

n
< [A=po+ae™ Y g0 Ko <0,

i=1

which is a contradiction. Therefore we obtain
L@t) = |y(@)|e* < Ky x, fort > T and for some A € (0, 1].

The proof is complete. O

Theorem 3.4. Suppose that | f/(x)| <a, x € (0,00), t —1; (1) <b, t >T,i =1,...,n,

sup {—p(t) +a Zn:%‘(t)} <0

= i=1

and there exist functions k; € C([T,0),(0,00)), i = 1,...,n such that (2), (3) hold. Then (1) has a positive
w-periodic solution which is exponentially stable.

Proof. The proof follows from the Theorem 2.2 and Lemma 3.3. O
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4 Model for the survival of red blood cells

In this section, we consider the existence of positive w-periodic solutions for the nonlinear delay differential equation
of the form

2(0) = —pO)x (@) + q(0)e VXD p >, (6)

which is a special case of (1), where ¢1(t) = q(), ¢qi(t) = 0, i = 2,...,n, and f(x(r1(z))) =
exp(—yx(z(t))), y > 0. We will also establish the sufficient conditions for the exponential stability of the positive
periodic solution.

The autonomous case of (6) is given by:

() =—px(t) +qe VT 1>,

and it has been used by Wazewska-Czyzewska and Lasota in [17] as a model for the survival of red blood cells in

an animal. The function x(¢) denotes the number of red blood cells at time ¢. The positive constants p, g and y are

related to the production of red blood cells per unit of time and t is the time required to produce red blood cells.
Rewriting the Theorem 3.4 to the equation (6) we obtain the next result.

Theorem 4.1. Suppose thaty >0, t —t(¢t) <b, t > T,

sup{—p@) +vq®)} <0 @)
t>T

and there exists function k € C([T, 00), (0, 00)) such that

+w
[ Eror+areras 0. i= 1, @
t
t (1)
k(@) = [ 106~ ak@1ds = yesp ([ =p6)+a@k©1ds). 70 = T ©
T T

Then (6) has a positive w-periodic solution which is exponentially stable.

Example 4.2. Consider the nonlinear delay differential equation
i) = —pO)x(0) + q()e™ XD 1 =10, (10)
wherey >0, t(t) =t —m,
1
p(t) = 1(4 +e ! +sint),
1 1
q@) = Z(4 +e Hexp (Z(cost —cos T)) exp (ye_0'25(°05t+°°ST)), T > 0.
We choose .
k() = exp ( — Z(cost — cos T)) exp ( — ye_0‘25(°05t+C°ST)>.

Then for conditions (8), (9) and w = 2m, we get

t+w t+2m

/ [=pG) + q()k(s)]ds = —% / sinsds = 0.
t

t

Therefore:

1 t—m
16 —ar©1ds —yen ([ Fro) +awke1ds)
T

T
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t t—m

1 1
=Z/sinsds—yexp<—1 / sinsds)

T T
1
= —Z(cost —cosT) — yexp(— Z(cost + cos T)) =Ink(), t >T + .

The conditions (8), (9) of Theorem 4.1 are satisfied and (10) has a positive w = 2m periodic solution

¢
x(t) = exp /[ p(s) + q(s)k(s)] ds) = exp 1 /smsds
T

= exp (Z(cost — cos T)), t>T.

Ifweputy = 04, T = %, then also the condition (7) is satisfied and solution x(t) is exponentially stable. The
numerical simulation in Figure 1 supports the conclusion.

Fig. 1. Numerical simulation of exponential stability
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