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ABSTRACT. Let T be a periodic time scale. We use Krasnoselskii’s fixed point theorem,
to show new results on the existence and positivity of solutions for the nonlinear periodic
dynamic equation with variable delay of the form

22 (1) = —a(®)z (1) + (Q (L (g (1) + G (tx (1), z(g (1),
z(t+T)=x(t).

Also, by transforming the problem to an integral equation we are able, using the contraction
mapping principle, to show that the periodic solution is unique.
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1. INTRODUCTION

In recent years, there have been a few papers written on the existence of periodic
solutions, nontrivial periodic solutions and positive periodic solutions for several
classes of functional differential and dynamic equations with delays, which arise
from a number of mathematical ecological models, economical and control models,
physiological and population models and other models, see the references [1]-[13]
and references therein.

Let T be a periodic time scale such that 0 € T. In this paper, we are interested
in the analysis of qualitative theory of periodic solutions of dynamic equations.
Motivated by the papers [1, 2, 3, 4, 5, 6, s , 13] and the references therein, we
consider the following nonlinear neutral periodic dynamic equation with variable
delay

2B (1) = —a(t)z (t) + (Qtx(g(t)" + Gtz (t),x(g(1),
c(t+T)=x(t), (1.1)
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where T > 0 be fixed, the nonlinear terms () and G are L} -Carathéodory functions
and the function a € L! [0, T] is bounded. Throughout this paper we assume that
g : T — T is strictly increasing so that the function x (g (t)) is well defined over
T. Our purpose here is to use the Krasnoselskii’s fixed point theorem to show the
existence and positivity of solutions on time scales for periodic dynamic equation
(1.1). We have to transform (1.1) into an integral equation written as a sum of two
mapping; one is a contraction and the other is a completely continuous operator.
After that, we use the Krasnoselskii fixed point theorem, to show the existence and
positivity of periodic solutions for equation (1.1). Also, transforming equation (1.1)
to an integral equation enables us to show the uniqueness of the periodic solution
by appealing to the contraction mapping principle.

A special case of equation (1.1) with T =R, in [2] we have investigated the
existence, uniqueness and positivity of periodic solution for equation (1.1) by the
Krasnoselskii’s fixed point theorem and the contraction mapping principle. The
results presented in this paper extend the main results in [2].

In Section 2, we present some preliminary material that we will need through
the remainder of the paper. We will state some facts about the exponential function
on a time scale as well as the Krasnoselskii’s fixed point theorem. For details on
Krasnoselskii’s theorem we refer the reader to [14]. Also we present the inversion
of neutral nonlinear periodic dynamic equation (1.1). In Section 3, we present our
main results on existence, uniqueness and positivity.

2. PRELIMINARIES

A time scale is an arbitrary nonempty closed subset of real numbers. The study
of dynamic equations on time scales is a fairly new subject, and research in this
area is rapidly growing (see [1], [4], [6]-[10], [11], [12] and papers therein). The
theory of dynamic equations unifies the theories of differential equations and dif-
ference equations. We suppose that the reader is familiar with the basic concepts
concerning the calculus on time scales for dynamic equations. Otherwise one can
find in Bohner and Peterson books [9] and [10] most of the material needed to read
this paper. We start by giving some definitions necessary for our work. The notion
of periodic time scales is introduced in Atici et al. [7] and Kaufmann and Raffoul
[11]. The following two definitions are borrowed from [7] and [11].

Definition 2.1. We say that a time scale T is periodic if there exist a w > 0 such
thatift € T thent £ w € T. For T # R, the smallest positive w is called the period
of the time scale.

Below are examples of periodic time scales taken from [11].

Example 2.2. The following time scales are periodic.
(1)T={J  [2(i—1)h,2ih], h > 0 has period w = 2h.
(2) T = hZ has period w = h.
3) T=R.
A T={t=k—q™:ke€ZmeNy} where, 0 < ¢ <1 has period w = 1.

Remark 2.3 ([11]). All periodic time scales are unbounded above and below.

Definition 2.4. Let T # R be a periodic time scales with the period w. We say that
the function f : T — R is periodic with period T if there exists a natural number
nsuch that T = nw, f(t£T) = f(t) for all ¢t € T and T is the smallest number
such that f (t £T) = f(¢). f T = R, we say that f is periodic with period 7" > 0 if
T is the smallest positive number such that f (t +7') = f (¢) for all ¢t € T.
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Remark 2.5 ([11]). If T is a periodic time scale with period p, then o (t + nw) =
o (t)£nw. Consequently, the graininess function  satisfies p (t £ nw) = o (t £ nw)—
(t+£nw) =0 (t) —t = pu(t) and so, is a periodic function with period w.

Our first two theorems concern the composition of two functions. The first
theorem is the chain rule on time scales ([9], Theorem 1.93).

Theorem 2.6 (Chain Rule). Assume v : T — R is strictly increasing and T := v (T)
is a time scale. Letw : T — R. Ifv* (t) and w® (v (t)) exist fort € T*, then

(worv)® = (wg‘ o u) Ve,

In the sequel we will need to differentiate and integrate functions of the form
ft—=r@)=f((t) where, v (t) :==t — r (t). Our second theorem is the substi-
tution rule ([9], Theorem 1.98).

Theorem 2.7 (Substitution). Assumev : T — R is strictly increasing and T := v (T)
is a time scale. If f : T — R is rd-continuous function and v is differentiable with
rd-continuous derivative, then for a,b € T,

b v(b) ~
/ £ A () At = / (For ) (s) As.
a v(a)
A function p : T — R is said to be regressive provided 1 + u (¢) p(t) # 0 for all
t € T*. The set of all regressive rd-continuous function f : T — R is denoted by R
while the set Rt ={f € R:1+p(t) f(t) >0 forallt € T}.
Let p € R and u(t) # 0 for all ¢t € T. The exponential function on T is defined
by

p(z)
It is well known thatif p € R, then e, (¢,5) > O for all ¢ € T. Also, the exponential
function y (t) = e, (t,s) is the solution to the initial value problem y* = p (),
y (s) = 1. Other properties of the exponential function are given in the following
lemma.

ep(t,s) =exp (/StlLog(l—&—ﬂ(z)p(z))Az) . 2.1)

Lemma 2.8 ([9]). Letp,q € R. Then
(1) eo (t,s) =1 ande, (t,t) = 1;
(ir) ep (o (t),8) = (L+ (@) p(t)) ep (t,5);

L =e s), where = - p(0)
RO R S CTIO)
(1v) ey (t,8) = o () =egp (s,1);

(v) ep (t,s) ep (s,7) = €, (t,7);

(03) 2 (15) = pey (5) and (1)>A _ ()

ep (. _eg (,s)

Theorem 2.9 ([8], Theorem 2.1). Let T be a periodic time scale with period w > 0.
Ifp € Cyq (T) is a periodic_function with the period T' = nw, then

b+T b
/ p(umu:/p(u)m, ep(b+ Toat+T) = e, (ba) fp€ R,
a+T a

and e, (t + T,t) is independent of t € T wheneverp € R.
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Lemma 2.10 ([1]). Ifp € RT, then
¢
0<ep(ts) <exp (/ p(u)Au) , vt eT.
S

Corollary 2.11 ([1]). Ifp € R* andp(t) < 0 forallt € T, then for all s € T with
s < t we have

0< ey (L) < exp (/}(@m) <1

We state Krasnoselskii’s fixed point theorem which enables us to prove the exis-
tence and positivity of periodic solutions to (1.1). For its proof we refer the reader
to [14].

Theorem 2.12 (Krasnoselskii). Let M be a closed convex nonempty subset of a
Banach space (S, ||||). Suppose that A and B map M into S such that

(1) z,y € M, implies Ax + By € M,

(ii) A is completely continuous,

(7i1) B is a contraction mapping.
Then there exists z € M with z = Az + Bz.

Let T > 0, T € T be fixed and if T # R, T = np for some n € N. By the notation
[a, b] we mean
[a,b) ={t € T:a<t<b},
unless otherwise specified. The intervals [a, b) , (a,b] and (a, b) are defined similarly.
Define Pr = {¢: T >R |pec Cand p(t+T) = ¢(t)} where C is the space of
continuous real-valued functions on T. Then (Pr, ||-||) is a Banach space with the
supremum norm

lell = sup e (£)] = sup | (t)].
teT t€[0,T)

We will need the following lemma whose proof can be found in [11].
Lemma 2.13. Letx € Pr. Then ||27|| = ||z o o exists and ||z7]| = ||z]| .
The following definition is essential in our analysis.

Definition 2.14. A function F : [0,7] x R — R is an L -Carathéodory function
if it satisfies the following conditions

(c1) For each z € R"™, the mapping t — F' (¢, z) is /A-measurable.

(¢2) For almost all ¢ € [0, T], the mapping t — F' (¢, z) is continuous on R".

(¢3) For each r > 0, there exists f, € L4 ([0,7],R) such that for almost all
t € [0,7T] and for all z such that |z| < r, we have |F' (¢, z)| < f, (¢).

In this paper we use the notation ¥ = —a and assume that v € R and will
assume that the following conditions hold.
(h1) v € LY ([0,T],R) is bounded, satisfies v (t + T) = ~y (t) for all ¢ and

1
l—e,(t,t—T)=—-#0.
n

(h2) g € Pr.

(h3) Q and G are Ll -Carathéodory functions, and Q (t+7T,z) = Q(t,z),
Gt+T,z,y) =Q(t,x,vy) for all ¢.

We have to invert equation (1.1). For this, we use the variation of parameter
formula to rewrite the equation as an integral equation suitable for Krasnoselskii
theorem and the contraction mapping principle.
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Lemma 2.15. Suppose (h1)-(h3) hold. If x € Pr, then x is a solution of equation
(1.1) if and only if

z(t) =Q(t,z(g(1)))
+ n/ttT (G (s,2(s),2(g(5) +7(s)Q(s,2(g(s)))] ey (t,0(s)) As. (2.2)
Progf. Let x € Pr be a solution of (1.1). First we write this equation as
(@) = Q(ta(g()))® =7 1) (z (1) = Qt,x (9 (1))
=Gtz (t),z(g(1) +v ) QEz(g(t)).

Multiply both sides of the above equation by eg., (0 (t),0) we get

{@®) - Qtalg ) —7 1) @ (t) - Qt.x (g ()} eay (o (1),0)
= {G (6 (1), 2 (9 (1) +7 (O Q (2 (g (1)} eer (7 (1), 0)

Since eg. (2, O)A

(2 (1) = Q (t,x (g (1)) ecr (£,0)]°
=[Gz (),2(g@®)+y@)QE x(g(t)]ecy (o (t),0).

Taking the integral from ¢ — 7T to ¢, we obtain

= —v(t) eg (o (t),0) we find

/th [(2(s) = Q (5,2 (g(5)))) ear (5,0)]° As
- /th (G (s,z(s),2(g(s)) +7(s)Q(s,2 (g (s)))] ey (o (s),0) As.

As a consequence, we arrive at

(z (1) = Q(t,z (g (1)) een (¢, 0)
— (@t -T)=Qt-T z(g(t—-T))))ecy (t =T.0)

_ /t_T (G (s,2(s),7(g(5) +7(s)Q (5,2 (g(5)))] ear (o (5),0) As.

Dividing both sides of the above equation by eg, (t,0) and using the fact that
x(t—T)=z(t), (h1)-(h3) and

e@"/(t_Tvo):e (tt—T) 697(0(87 _
oy (t,O) K

we obtain
x(t) = Q(t,z(g(t)))
= TI/FT (G (s,2(s),2(g(5) +7(5)Q (5,2 (g(5))] ey (t,0 () As.

Since each step is reversible, the converse follows easily. This completes the proof.
(]
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3. EXISTENCE RESULTS

We present our existence results in this section. To this end, we first define the
operator H by

(He) (t) = Q(t, (g (1))

t
+77/ (G (s,0(5),0(g() +7(5)Q(s,0(g(s)))] ey (t,0(5)) As,
t—T
(3.1)
From Lemma 2.15 we see that fixed points of H are solutions of (1.1) and vice versa.
In order to employ Theorem 2.12 we need to express the operator H as the sum of

two operators, one of which is completely continuous and the other of which is a
contraction. Let (Hy) (t) = (Ap) (t) + (By) (t) where

(Ap) (1) = TI/FT (G (s,0(5), 0 (9(5) +7(s) Q(s,0(9(5)))] ey (£,0(5)) As,

(3.2)
and
(Be) (1) =Q(t,p(g(1)))- (3.3)
Our first lemma in this section shows that A : Pr — Pr is completely continu-
ous.

Lemma 3.1. Suppose that conditions (hl) — (h3) hold. Then A : Pr — Pr is
completely continuous.

Proof. We first show that A : Pr — Pr. Clearly, if ¢ is continuous, then Ay is.
From (3.2) and conditions (h1) — (h3), it follows trivially that e, (t + T, 0 (s) +T) =
e~ (t,0 (s)) by Theorem 2.9. Consequently, we have that

(Ap) (t+T) = (Ap) (1),
by Theorem 2.7. That is, if ¢ € Pr then Ap € Pr.

To see that A is continuous. Let {¢;} C Pr be such that ¢; — ¢ as i — co. By
the Dominated Convergence Theorem,

Jim [(Ag) (1) — (Ag) (1)

<Jimy [ 1G (5009 0() = G (5:0(5) (9 5)

1—00

+ v ()R (5,0 (9(5) = Q (5,0 (9(s))]] ey (t,0(s)) As
= n/ [lim |G (s, (), i (9(5)) =G (5,0 (5), 0 (g (5)))]
t—T

13 )] 1im [Q (5,01 (9 (5))) — @ (s, (g ()] e (8, (5)) s
=0.

Hence A : Pr — Pr is continuous.
Finally, we show that A is completely continuous. Let 8 C Pr be a closed
bounded subset and let C be such that ||¢|| < C for all ¢ € B. then

|(Ap) ()] < n/w (G (s, (), (g (NI + Iy (R (5,0 (g ()] €y (8,0 (s)) As

<ov{[ ae@ast [ el s



A NEUTRAL NONLINEAR PERIODIC DYNAMIC EQUATION 25

SUN{/:TQC (S)A8+a/ttho(8)A8} =K,

where N = sup ey (t,0(s)) and a« = sup |[y(s)|. And so, the family of
set—T,t] sE[t—T,t]
functions Ay is uniformly bounded.
Again, let ¢ € B. Without loss of generality, we can pick ¢; < t3 such that
to —t; <T. Then

|(Ap) (t2) = (Ap) (t1)]

=0 [ 60 0@ 7 (0 e g (e (to () s

[ 66 @) 1) Qe la (e (to () 23]

We can rewrite the left hand side as the sum of three integrals. We obtain the
following

(Ap) (t2) — (Agp) (t1)]

< n/ G (.0 (8), 0 (g (D] + 1y (9] 1Q (5,0 (g (Ml e (t2,0 (5)) A

t1

+

7 / G (s.0(8) 0 (g ]+ 1 (9)]1Q (5.0 (g ()]
to—T

% Jex (12,0 ()) = e (11,0 (5))] A
to—T

U (1G (5,0 (5), 0 (g (N + 1y ()] 1Q (5,0 (9 (5))) ] €5 (B2, 0 (5)) Ds

t1—T

2nN {/: gc (s) + aqe (s) AS}

+

IN

+77/t I_T (9 (5) + age ()] |ey (ta, 0 (8)) — e (t1, 0 (s))| As.

Now fttlz go (s) +age (s) As — 0 as (t2 — t1) — 0. Also, since
ty
/ l90 (s) + aqc (s)] ey (t2,0 (5)) — ey (t1, 0 (s))| As
to—T

S/ 9 (s) + age (s)] ey (t2, 0 (5)) — ey (t1,0 (5))| Ds,
0

and e, (t2,0 (s)) — ey (t1,0(s))] = 0 as (t2 —¢;) — 0, then by the Dominated
Convergence Theorem,

| e )+ agc () ey 20 (9) = e (b ()] B3 =0,

as (tog —t1) — 0. Thus |(Ap) (t2) — (Ap) (t1)] — 0 as (t2 — ¢1) — 0 independently
of ¢ € B. As such, the family of functions Ay is equicontinuous on ‘B.

By the Arzela-Ascoli Theorem, A is completely continuous and the proof is com-
plete. 0

We need the following condition on the nonlinear term Q).
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(h4) the function Q (¢, z) is Lipschitz continuous in z. That is, there exists L > 0
such that
Q(t,2) —Q .yl < Lz —yl.
Our next lemma gives a sufficient condition under which B : Pr — Pr is a
contraction.

Lemma 3.2. Suppose that conditions (h3) and (h4) holdand L < 1. Then B : Pr —
Pr is a contraction.

Proof. From (3.3) and conditions (h2) and (h3), we have that

(Be) (t+T) = (Bp) (1) -
That is, if ¢ € Pr then By € Pr.
To see that B is a contraction. Let ¢, € Pr we have

1B (¢) = B ()|l = sup [(By)(t) — (BY) (1))

te[0,T)

< L sup [p(g(t) = (g(t))]
te[O,T]

< Ll =9l
Hence B : Pr — Pr is a contraction. O
We need the following conditions on the nonlinear terms () and G.
(h5) There exists periodic functions q1, g2 € LY [0, T], with period T, such that
Q(t, ) < qu (t) || + g2 (1),

forall z € R.
(h6) There exists periodic functions g1, 92,93 € L4 [0, 7], with period T, such
that
G (&2, 9)] < g1 (1) |2 + g2 (8) [y + g3 (¢) ,
forall z,y € R.
Also, we now define some quantities that will be used in the following theorem. Let

§= sup e (t,o(s), 0= sup [QtO), A= [T |q1 ()| Ls, = [y laz (s)] s,
te[0,T) t€[0,T

8= [T 1g1(s) Ds,y = [ g2 (5)| 25, T = [ |gs (s)] Ds.

Theorem 3.3. Suppose that conditions (h1) — (h6) hold and L < 1. Suppose there
exists a positive constant J satisfying the inequality

0+nd (ap+T)+ (L+n6(aX+B+7))J < J.
Then (1.1) has a solution ¢ € Pp such that ||| < J.

Proof. Define M = {¢ € Pr : ||¢|| < J}. By Lemma 3.1, the operator A : M — Pris
completely continuous. Since L < 1, then by Lemma 3.2, the operator B : M — Pr
is a contraction. Conditions (i) and (#ii) of Theorem 2.12 are satisfied. We need
to show that condition () is fulfilled. To this end, let ¢, € M. Then

(Ap) () + (BY) (¢)]
<[Q ¥ (g (1)) + n/t_T G (5,0 (5), 9 (g(s)ley (t,0(s)) Ds

o0 [ PER e E)e (o () As
< LJ+0+n5(BJ+~J+T)+nad (AT + )
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=0+n6(ap+T)+ (L+nd(aX+B+7))J < J.

Thus ||A¢ + By|| < J and so Ap+ Bty € M. All the conditions of Theorem 2.12 are
satisfied and consequently the operator H defined in (3.1) has a fixed point in M.
By Lemma 2.15 this fixed point is a solution of (1.1) and the proof is complete. [

The conditions (h5) and (h6) are global conditions on the functions () and G. In
the next theorem we replace this conditions with the following local conditions.

(h5*) There exists periodic functions ¢}, ¢5 € L% [0,7], with period T, such that

Q(t,2)] < g1 (t) 2] + g3 (t) ,

for all « with |z| < J.

(h6*) There exists periodic functions ¢}, g5, g5 € L [0,7], with period T, such
that

|G (2, y)] < g7 () 2] + 92 (8) [yl + 95 (),

for all =,y with |z| < J and |y| < J.
The constants A*, u* and g%, v*, I'* are defined as before with the understanding
that the functions ¢}, ¢5 and g7, g3, g3 are those from conditions (h5*) and (h6*),
respectively.

Theorem 3.4. Suppose that conditions (h1) — (h4) , (h5*) and (h6*) holdand L < 1.
Suppose there exists a positive constant J satisfying the inequality

0+ nd(ap”+T")+ (L+nd (XN + 8" ++"))J < J.
Then (1.1) has a solution ¢ € Pr such that ||¢|| < J.

The proof of the above theorem parallels that of Theorem 3.3.

For our next result, we give conditions for which there exists a unique solution
of (1.1). We replace conditions (h5) and (h6) with the following conditions.

(h5T) There exists periodic function qif € L} [0, 7], with period T, such that

Q (t,2) = Q (t,2)| < g¢f (t) |z -yl
forall x,y € R.
(hGT) There exists periodic functions g{, gg € LlA [0, T'], with period T', such that
|G (t,,y) = G (t, 2,w)] < g (1) |2 = 2| + g} (1) [y — w],

forall z,y, z,w € R.

The constants AT and 8, 41 are defined as before with the understanding that the

functions qI and gi, gg are those from conditions (hST) and (h6T), respectively.

Theorem 3.5. Suppose that conditions (hl) — (h4), (h5T) and (hGT) hold. If
L+n6 (et + 8T +47) < 1,
then (1.1) has a unique T'-periodic solution.
Proof. Let ¢, € Pp. By (3.1) we have for all ¢,
[(He) (t) = (H) (1)
<1Q ¢ (g(1) — Q¢ (9(1)))]

+77/t 1G (5,0 (s), (g () = G (5,9 (5), 4 (9 (s)))l

-T
v ()Q (s, (9(5)) = Q (5,4 (g (s))ll ey (t,0(s)) As
< Ll — ¢l +n8 (AT + 8T +47) [lo — ¢ -
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Hence, |Hp — H|| < (L +né (aXt + BT+ +7)) [l — ||. By the contraction map-
ping principle, H has a fixed point in Pr and by Lemma 2.15, this fixed point is a
solution of (1.1). The proof is complete. O

For our last result, we give sufficient conditions under which there exists positive
solutions of equation (1.1). We begin by defining some new quantities. Let

set—T,t]
Given constants 0 < £ < &, definethesetM; = {p € Pr: £ < ¢ (t) < R, t€[0,T]}.
Assume the following conditions hold.
(hT) There exists constants 0 < ¢* < L* such that ¢*£ < Q (t,p) < L*R for all
p €M andt e [0,T].
(h8) There exists constants 0 < £ < & such that

LTS < Gl 47 (5)Q o) <

forallo,p € M; and s € [t — T, t].

m= min e, (t,o(s)), M= Ser[rtliuT(’t]eA, (t,o(s)).

(1-L")R
nMT

Theorem 3.6. Suppose that conditions (hl) — (h4), (h7) and (h8) hold and L < 1.
Then there exists a positive periodic solution of (1.1).

Proof. As in the proof of Theorem 3.3, we just need to show that condition (i) of
Theorem 2.12 is satisfied. Let ¢,9¥ € M;. Then

(Ap) (t) + (BY) (¢)
t

=Q 4y (g(1)) + n/t ., (G (s,0(5),0(9(5) +7(s)Q(s,0(g(s)))] ey (t,0(5)) As
> q*£+anM = £

nmT
Likewise ( )

1-L")R

A B <L* MT———— = R.

(A9) (1) + (BY) (1) < LR+ MT 2= = 8
By Theorem 2.12, the operator H has a fixed point in M;. This fixed point is a
positive solution of (1.1) and the proof is complete. O
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