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ABSTRACT. This work is concerned with the following nonlinear
second order delay differential equations

2"()+pt)’ () +q(D)a(t) = f(t, x(t), z(t-7(t)), 2" (t—7(1))),t € R,

which includes many key second order delay differential equa-
tions that arise in nonlinear analysis and its applications. We use
Perov’s fixed point theorem to prove the existence and uniqueness
of periodic solutions for second order delay differential equations.
Our results are obtained under general assumptions.
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1. Introduction

The nonlinear second order delay differential equations arise in the mod-
eling of many phenomena in physics, population dynamics and industrial
robotics (see, for example [8, 9]). The second order delay differential equa-
tions have been considered by many authors (see [2, 3, 10, 12] and the refer-
ences therein). For example, Y. Liu and W. Ge ([10]) studied the following
second order nonlinear Duffing equation with delay and variable coefficients:

2"+ p(t)2' (t) + q(t)z(t) = M(t) f(t,z(t — 7(¢))) +r(t),t € R.

Moreover, Wang et al.[12] have studied the second order nonlinear delay
differential equation with periodic coefficients

2 +pt)r'(t) + q()x(t) = r(O)'(t — () + (£, 2(t), 2(t — 7(1))),t € R,

by using Krasnoselskii’s fixed point theorem.
A. Ardjouni and A. Djoudi [3] have studied the existence of periodic solutions
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for the following second-order nonlinear neutral differential equation with
variable delay

A (t) + p(1) Sr(t) + a()lt) = gt 2(t — (1)

+ f(t,x(t), z(t — 7(t))),t € R,

by using the hybrid fixed point theorem of Krasnoselskii.
In the current paper, we consider the following more general form of non-
linear second delay differential equations

(1) 2"(t) + p)2'(t) + (D) (t) = f(t, z(t), 2(t — 7(t)),2'(t = 7(2))),t € R.

In all the mentioned paper, the derivative ' does not appear in the nonlinear
functions. Our purpose here is to use Perov’s fixed point in a suitable
Banach space to show the existence and uniqueness of a periodic solution
for Equation (1), under fairly simple conditions and /(¢ — 7(t)) appears in
the nonlinear functions.

Perov’s fixed point theorem is a generalization of Banach’s theorem and it
has been used by many authors (see, for example [1, 5, 6, 7]).

The rest of the paper is organized as follows: In Section 2, we give some
preliminary results in generalized metric spaces. In Section 3, we give our
main result. In the last section, we illustrate our main result by an example.

2. Some preliminaries results in generalized metric spaces

In this section, we recall the following notations and results in generalized
metric spaces.

Definition 1 ([11]). Let X be a nonempty set and d : X x X — R" be
a mapping such that for all x,y,z € X, one has :
1) d(z,y) > Ogn and d(x,y) = Opn <= x =y,
2) d(z,y) = d(y, ),
8) d(z,y) < d(z,z) +d(z,y),
where for x = (x1,z2,...,2,) and y = (Y1, Y2, ..., Yn) from R™, we have x <
Yy <= x; <y, for any i =1,n.
Then d is called a generalized metric and (X, d) is a generalized metric space.

Definition 2 ([11]). If (E,d) is a complete generalized metric space and
T : E — E which satisfies the inequality

d(Tz,Ty) < Ad(z,y) for all z,y € E,

where A is a matriz convergent to zero (the norms of it’s eigenvalues are
in the interval [0,1)). We say that T is a Picard operator or generalized
contraction.
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We recall the following Perov’s fixed point theorem.

Theorem 1 ([11]). Let (E,d) be a complete generalized metric space. If
T :FE — E is a map for which there exists a matriv A € M,(R) such that

d(Tz,Ty) < Ad(z,y), Vz,y € E

and the norms of the eigenvalues of A are in the interval [0,1), then T has
a unique fized point x* € E and the sequence of successive approximations
Ty = T™(x0) converges to x* for any xg € E. Moreover, the following
estimation holds

d(Tm, 2*) < A™(I, — A) " td(zg, 1), ¥Ym € N*.
We consider the following functional spaces

PT)={zeCR):z(t+1T)=uz(t), Vt € R}
P (T)={z € C'(R) : 2(t+T) = 2(t), Vt € R}
K™(T)={z e PYT): z(t) >0, Vt e R}

and denote by E the product space E = K+ (T)x P(T) which is a generalized
metric space with the generalized metric d¢ : E x E — R?, defined by

de((z1, 1), (22, 92)) = (lo1 — @2 + Hfﬂll —

Ny = v2ll)
where ||u|| = max {|u(t)| : t € [0,T]} for any u € P(T).
Lemma 1 ([5]). (E,d¢) is a complete generalized metric space.

Equation (1) will be studied under the following assumptions:
(i) f € C(R x (RT)? x R,R) and there exists T' > 0 such that

fE+T,x,y,2) = f(t,z,y,2),Y(t,z,y,z) € R x (]R“‘)2 x R.
(ii) There exist a, B, > 0 such that
|f(t,ur,v1,wr) — f(t ug, v2, w2)| < a|uy — ug| -+ |vr — va| 4+ |wy — wal,

vt € R, V(u1, uz, v1,v9) € (RT)%, Y(wi, ws) € R
(#ii) p,q: R — RT 7 : R — R are all continuous T —periodic functions,
fOTp(s) >0, fOT q(s) >0, and 7/(t) # 1, for all ¢ € [0, 7.

3. Auxiliary lemmas

Before stating the main result in the next section, we need the following
lemmas,
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Lemma 2 ([10]). Suppose that (iit) holds and

T
(exp (fp(u)du) - 1)
R, 0 >1

T

)

where

Then there are continuous T—periodic functions a and b such that b(t) > 0,

T
J a(u)du > 0 and
0

a(t) +b(t) = p(t), V' (t) + a(t)b(t) = q(t),t € R.

Lemma 3 ([12]). Suppose the conditions of Lemma 2 hold and ¢ € P(T)).
Then the equation

2" +p(a) () + q(z)z(t) = ¥(t)

has a T—periodic solution. Moreover, the periodic solution can be expressed

by

where

s u s t+T u s+T
tfexp <fb(v)dv+f (v )dv> du + fexp (tfb Ydv + [ a( )du

t u u

G(t,s) = . pe
(exp (([ a(u)du) ) <exp (Ofb ) )
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Corollary 1 ([12]). The Green’s function G(t,s) satisfies the following
properties:

G, t+T)=G(tt),Gt+T,s+T)=G(ts),
0G(t, s)
ot

exp ( { a(v)dv)
. .
i) -

T 1T
Lemma 4 ([12]). Let A = {p(u)du,B = T%exp (T fln(q(u))du). If

= —b(t)G(t,s) + F(t,s),

where F(t,s) =

A? > 4B, then we have

min /Ta(u)du,/Tb(u)du > % (A — VA% - 4B> =1

0
T

0
max /a(u)du,/Tb(u)du < % (A + VA% — 4B) =1L
0

0

Corollary 2 ([12] ). The function G(t,s) satisfies

- T exp (fp(u)du)
t ———— < G(t,s) < @ 1)

=M.

4. Main result

It is easy to check, under the above assumptions, that = is a solution of
(1) in Kt (see, [4]) if and only if z is the solution of the following integral
equation

Under the hypotheses (), (i), (¢i7) and the previous lemmas and corollaries,
we will make use of Perov’s fixed point theorem to prove the following main
result.
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Theorem 2. If the hypotheses (i), (i1) and (iii) hold, and if
(3) T (0 + (a4 P)(M +0)) <1,

such that 0 = ||b|| M + e’;p(l ) then, the second order delay differential equa-

tion (2) has a unique positive periodic solution in K+ (T).
Proof. If we differentiate the equation (2) with respect to ¢ and denoting
2'(t) = y(t), we obtain, by using Corollary 1, for all ¢t € R,

t+T
o) = [ PE s (5)(s = (5D, wls = 7(s))ds,

t
which leads to,

t+T

2(t) = [ G(t,s)[f(s,2(s),2(s = 7(5)), y(s — 7(5)))]ds,
i

y(t) = [ 2D [f(s,2(s),x(s — 7(s)), y(s — 7(s)))]ds.

t

Let A: E — C(R) x C(R) be the map defined by the following expression

Ar(z,y)(t)
Az, y)(t) = )
Ag(z, y)(t)

where,

and,

(4)  Ase,y)(t / OO (s, (s), (s — 7)) (s — (s)))Jds.

The rest of the proof is divided into the following claims.
Claim 1 : The operator A transform E into itself.
It is clear, from Conditions (i) and Corollary 1, that A;(E) C C1(R).
Moreover, from Conditions (i), (iii) and Corollary 1, it follows that Vt €
R,V(z,y) €E, Ai(z,y)(t) > 0 and
t4+2T

Ay, y)(t+T) = / Gt + 1T, )[f(s,2(5), 25 — 7()). y(s — 7(s)))]ds

t+T
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t+T

= /G(t—i—T,s—i—T)

X[f(s+T,x(s+T),x2(s+T —7(s+T)),y(s+T —7(s+T)))]ds
= Ai(z,y)(0).

Hence, A;1(E) C K*(T). Similarly, we have,

t+2T
Ao+ 1) = [ FE T 55 a(0), (s = 7). 0ls — 7))
t+T

t+T
B / OG(t+T,s+1T)

ot

X[f(s+T,x(s+T),x(s+T—71(s+T)),y(s+T —71(s+1T)))]ds
= Ag(z,y)(t), Vt € R,V(z,y) €E.

We deduce that, A(E) C E.
Claim 2 : The operator A is a generalized contraction.
From Condition (i¢), we have

| Ay (21, y1)(t) — A (2, y2) ()] + | AL (21, 91) (8) — A (22, 52) (1)
t+T

< / G(t,s) [ov|zi(s) = w2(s)| + Blar(s) — za(s)] +v[yi(s) — va(s)[] ds

AG(t, 5)

t+T
+ [ T k() = a(s)] + Blea(s) — wa(9) + 1 a(s) — pas)] ds

exp(L
<TM(o+ B)||z1 — w2l + TM~||ly1 — y2| + (HbHM+ l§(1)>

< Tl(a+ B) a1 — 2] + 7 <||b||M+ Xp(”) (s = vall)]

[—1
exp(L)
< 1+ 9) (314 oI + S (o =l + i = a3

exp(L
+ 7y (M4 10007 + 52 el
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Similarly, we have

As(r,11)(1) — Aoles, ) (1)
oc, )
< [ 28 falas) = o) + Blar(s) —2(5)| + ) = el ds
<1 | 10131+ ZPE Y (a4 B) s — il 1l — e
=0

< T(a+B)0 ([lor — @2l + |24 — 25]l) + TA0lly1 — el

We deduce that,

. r
de (A (a1, 1) s A (w2, 3)) < K( oy = zal] + [l — 3] ) ,
||y1 —y2||

where the matrix K is given by,

T(a+B)(M+6) Ty(M+0)
K =
T(a+ )0 T~0

The eigenvalues of this matrix are:

{ A =T0 + (e + B)(M + 6)]
A=10

Since the norms of the eigenvalues are in the interval [0, 1), then, by Perov’s
fixed point theorem, the operator T has a unique solution z* = (x4, y.) €
K*(w) x P(w), which implies that z, € C*(R), and for all t € R

t+T
@@ = [ FE 905 = ().l = (51l

Hence, by using (4), for all t € R

(@) = y)(t) = 0.

We deduce, that (z.)" = y. and z. is the unique solution of (2). [

The following proposition gives an estimation of the error between the exact
solution and the approximate solution of (2).
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Proposition 1. Under the assumptions of Theorem 2, the solution of

the equation (2), which is obtained by the successive approzimations method
starting from any 2° = (x9,y0) € E, verifies the following estimation:

do(z™,z*) < ( €1 €2 > X dc(ajl,xo),

€3 €4
where
_ (M)A T(0+8)
€1 = =1
P (atB)
(5) T
o5 = (YHM)AT ™I TORT (M +7) (a+8)—1]
- A—1
APy M) (0 B)—1]
€4 = N—1

Proof. From Theorem 1, by the conditions of Theorem 2, one has that

do(xz™, %) < A™(I — A)"Ydo (2, 2°), Vm e N*.

We have,
Am (M + A" ' T(a+B) (M +y)A\P'To
- AP (@ + B) AT TITOy ’
And we find
m _ ym—1 (M +v)(a+ B) (M+’Y)9>
AT =X T< (o + B) 6 ’
And we have
(-4 = 1 < —1+ Ty ~TO(M + ) )
-1\ T(a+B)y —1+T(a+pB)(M+7) )’

Which implies that,

AmU—A)1:<€162>,

€3 €4
where e;,i = 1,...,4 are given by (5). |
To illustrate this result, we have the following example.
Example 1. Consider the following second-order delay differential equa-

tion:

(6) #(6)+ p(0)a' (1) + alt)r(t) = 3(t) + yrlt — 7(0) + 5ot — (1),
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16°
Hence, by using the notations of Theorem 2, we have T' = %,

a=p0= %,7 = %, where A\ = 103 is a positive number. We may see that

1o
the conditions of Lemma 2 hold, and a(t) = b(t) = 1, F(t,s) = W,
ex 1 —

t € R, A > 103, where p(t) = 3,q(t) = 1, 7(t) = 1 + sin(6¢).

Gltos) — B DeP (=) + ¢+ 5 —s)exp(fls+F-1)

2
(exp(3))
By using the notations of Lemma 4, we have( /)1 =5 B={3 )
Which implies thatl:L:l,M:& and ||F|loo = —\12)
p 12 (exp(l%)fl) H HOO eXP(%)_l
We find 6 = 19.149, M = 59.25 and by using the previous values of T, M, «, 3,y
therefore, the inequality in Theorem 2 takes the form

T+ (a+B)(M+0)) <1

Then by Theorem 2, we conclude that the second-order delay differential
equation (6) has a periodic solution .
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