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EXISTENCE OF PERIODIC SOLUTIONS FOR A
SECOND-ORDER NONLINEAR NEUTRAL DIFFERENTIAL
EQUATION BY THE KRASNOSELSKII’S FIXED POINT
TECHNIQUE

RABAH KHEMIS - ABDELOUAHEB ARDJOUNI - AHCENE DJOUDI

The objective of this work is the application of Krasnoselskii’s fixed
point technique to prove the existence of periodic solutions of the second-
order nonlinear neutral differential equation

L)+ ) S50 + 4000
—F X —X X
dr? P i
2

= %g(t,X(f — T(t))) +f(l‘,x(t),x(t _ T([)))

The idea of this technique is based on the inverting of the considered equa-
tion into an integral equation whose solution is recourse to Krasnoselskii’s
fixed point theorem. In addition, by application of the Banach principle
on the inverted integral equation and under certain specified constraints
we proved the uniqueness of the periodic solution.

1. Introduction

Delay differential equations are often more realistic in describing natural phe-
nomena compared to those without delay (EDQO). They model many natural
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phenomena and appear in many fields such as physics, chemistry, biology, dy-
namics of populations, medicine, ... etc.

For these reasons, this type of equations was given a great importance in
the work of many researchers. There has been recently many activities con-
cerning the existence, uniqueness, stability and positivity of solutions for delay
differential equations, see [1]-[20], [22] and references therein.

But it is often difficult to prove the existence of such solutions because there
is no specific way to solve this kind of problems. Where some researchers used
the theory of differential equations while others used the fixed point theory, ...
etc.

We know that a slight change perturbation in the delay term may lead to
completely change the modeled phenomena. So we can represent several phe-
nomena using a single equation model with the proviso that we make some
changes in the delay term. In this context and using Krasnoselskii’s fixed point
theorem we find several works concerning the existence and the uniqueness of
the periodic solutions of delay second-order differential equations as it is shown
in the work of Wang, Lian and Ge [22] on the equation

2

d d

S (t) + p(0) (1) + a(0)x(0)
=r()x'(t—7(t) + f(t,x(t),x(t — (1)),

and the work of Ardjouni and Djoudi [3] on the equation

2
x(0) + p(0) S x(0) +a(0)x(0)

- %g(tvx(f — (1)) + £ (t,x(1),x(r — 7(1))).

In this work, we concentrate on the existence and uniqueness of periodic solu-
tions for the second order nonlinear neutral differential equation

2
ox(0) + pl0) S x(0) +a(0)x(0)

d? t

:ﬁg(tax(t_T(t)))+f(t>x(t)7x(t_r(t)))7 (1)
where p and g are positive continuous real-valued functions. The functions
g:RxR—Rand f: R xR xR — R are continuous with respect to its ar-
guments. To attain our desired end we have to transform (1) into an integral
equation and then use Krasnoselskii’s fixed point theorem to show the existence
of periodic solutions. The obtained integral equation is the sum of two map-
pings, one is a contraction and the other is compact. Also, the transformation
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of equation (1) enables us to show the uniqueness of the periodic solution by
invoking the contraction mapping principle.

We note that the study of this one is more complicated compared to the equa-
tions considered in [3] and [22] since the delay here, further it’s nonlinear and
variable it also contains a differentiability of second order. As a consequence,
our analysis is different from that in [3].

The organization of this article is as follows. In the first, we introduce some
notations and lemmas, and state some preliminary results needed later. After
we give the Green’s function of our equation which plays an important role in
this paper. Also, we present the inversion of (1) and state Krasnoselskii’s fixed
point theorem. For details on Krasnoselskii theorem we refer the reader to [21].
Finally, we present our main results on existence and uniqueness.

2. Preliminaries

For T > 0, let Pr be the set of all continuous scalar functions x, periodic in ¢ of
period 7. Then (Pr, ||.||) is a Banach space with the supremum norm

x| = sup |x ()| = sup |x(r)].
teR t€[0,T]

Since we are searching for the existence of periodic solutions for equation (1),
it is natural to assume that

p+T)=p@), qt+T)=q(t), Tt +T)=7(1), 2)

with 7 being scalar function, continuous, and 7 (f) > 7* > 0. Also, we assume

T T
/ p(s)ds>0, / q(s)ds > 0. 3)
0 0

Functions g(7,x) and f(t,x,y) are periodic in ¢ of period T. They are also
supposed to be globally Lipschitz continuous in x and in x and y, respectively.
That is

g+T.x)=g(t,x), ft+T,x,y)=f(t,xy), 4
and there are positive constants ki, ko, k3 such that
g (t,.x) =g (t,y)| < ki [lx =yl )

and
f(t.x,y) = f(t.z,w)| < kg [lx —zl| + ks [[y — w|. (6)
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Lemma 2.1 ([16]). Suppose that (2) and (3) hold and

R, [exp (fOTp(u) du) - 1] -

7
T > 1, (7

where

t+T s
R = max / exp (J, p(u)du) q(s)ds|,
0TIV exp (I p(w)du) —1

0= <1—|—exp (/OTp(u)du»zR%.

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

at)+b(t)=p(), %b(t)—{—a(t)b(t) =q(t), fort eR.

Lemma 2.2 ([22]). Suppose the conditions of Lemma 2.1 hold and ¢ € Pr. Then
the equation
d2

D xO)+p0) T2 () +()x(0) = 0 (),

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

where
G(t,s) = Jrexp[[b(v)dv+ [Fa(v)dv]du
[exp (fo (u) a’u) } {exp <f0 b (u) du) _ 1]
i} 14T exp [ [b)dv+ [T a() dv] i
[eXP <fo u)du) — ] [exp (fo b(u) du) _ 1} '
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Corollary 2.3 ([22]). Green’s function G satisfies the following properties

G(t,t+T)=G(t,t), Gt+T,s+T)=G(t,s),

d exp ([ b(v)dv)
7G(tas) :a(s)G(t,s)— )
ds exp (fOTb (v) dv) -1

0 exp ([ a(v)dv)
7G(Z,S):—b(l‘)G(Z,S)+ )
Jt exp (fOTa (v) dv) -1

Pk , exp ([ b(v)dv)
——G(t,s) = (d(s)+d*(s)) G(t,s) — (a(s) + b (s)) ! :
ds? ( ) exp (fOTb (v) dv) -1

The following lemma is essential to our results.
Lemma 2.4. Suppose (2)—(4) and (7) hold. If x € Pr, then x is a solution of
equation (1) if and only if
0= [ {(@6) +a)gloxts - 705))
+/(s,x(s),x(s = 7(s5))) } G(z,5)ds
+T
+g(t,x(t—7 / g(s,x(s—1(s)))ds (8)

where ,
exp ([ b(v)dv)

exp (fOTb(v)dv) 1

Proof. Let x € Pr be a solution of (1). From Lemma 2.2, we have

E(t,s) = ©)

t+T 82
:/t G(t,s) [aszg(s,x(s—r(s))) —{—f(s,x(s),x(s—‘t(s)))] ds. (10)

Using the twice integration by parts, we have
t+T 02
|65 5 5slsa—T(s)ds

— [ (5:609) (5ext-ro )as

0 t+T

—[(afﬂﬁﬂ)g@ﬁ@—fﬁnﬂt
[ (55009 st e)as
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Since

t+T

- (560 ) etsts (o) |
- +T

= — als S)— exp(ftSb(V)dV) S, X8 —T(§

- ( (5)G(t.5) exp(foTva)])g(, (s—1( >>>]t

- exp (j;HTb(v)dv) )
exp(fTb(v)dv>—1

xgt+T,x(t+T—1(t+T)))

exp (f; b(v) dv)
exp (fOT b(v) dv) -1

( exp (Ji b(v)dv) )
—(atr605- 2\ glo,x(e (1)
exp (Jy b(v)dv) -1

+ (a(t)G(w) e (foTb(V) dv) - 1) 8t x(r — (1))

=—|a(t+T)G(t,t+T

+(4namn )gaaann»

and
t+ 2
[‘T(§2G0Q>g@x@—ﬂﬂnw
t+T
- [ 8(5,x(s— 7(s)))G(t. )
—p(s)E(t,5)g(s,x(s — T( ))}ds,
we obtain

2

+T 0
/ G(t s)ﬁg(s x(s—1(s)))ds
=g(t,x(r— T(f)))
z+T
+/ ) g(s.x(s — 7(5)))G(1,5)
—p(s )E( :5) 8(s,x(s — T(s))) } ds, (11)
where E is given by (9). Then substituting (11) in (10) completes the proof. []
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1
Lemma 2.5 ([22]). Let A= [] p(u)du, B=T?exp <T Ji n (q(u))du). If

A? > 4B, (12)

then we have

T T 1
min{/ a(u)du,/ b(u)du}>2(A—\/A2_4B) =1,
0 0
T T 1
max{/ a(u)du,/ b(u)du}gz(A+\/A2—4B) = m.
0 0
Corollary 2.6 ([22]). Functions G and E satisfy

T T exp (fOTp(u) du) o
WgG(t,s)S (el—l)2 ,E(t,s)gel_l.

Lastly in this section, we state Krasnoselskii’s fixed point theorem which
enables us to prove the existence of periodic solutions to equation (1). For its
proof we refer the reader to [21].

Theorem 2.7 (Krasnoselskii). Let M be a closed convex nonempty subset of a
Banach space (B, ||.||). Suppose that A and B map M into B such that

(i) x,y € M, implies Ax+ By € M,

(i) A is compact and continuous,

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

3. Main results

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

t+T
He) 1) = [ Gt {(d )+ (5) gls. 0 (s— ()
H1(5,9().9 (s—7(5))) s
t+T
5o —T0) - [ pOEES)elo6—T()ds. (13)

From Lemma 2.4, we see that fixed points of H are solutions of (1) and vice
versa. In order to employ Theorem 2.7 we need to express the operator H as
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the sum of two operators, one of which is compact and the other of which is a
contraction. Let (Ho) (1) = (A@) (t) + (Bo) (1) where

=" 6l (@ &)+ ©) sl 06-7(6))
H1(5,9(5),9(s— 7(5))) } s (14)
and
t+T
(B9) () =g(t.pt—()~ [ pOEEs)elol-7()ds (5

To simplify notations, we introduce the following constants

T exp (fOT p(u) du) o
o= Y ,B—e,_l,y—lrer[lg;]\a(t)!,
Y= max |d (1)], A= max {b(1)}, 6= max {p(1)}. (16)

Lemma 3.1. Suppose that conditions (2)—(7) and (12) hold. Then A : Pr — Pr
is compact.

Proof. Let A be defined by (14). Obviously, .A¢ is continuous and it is easy to
show that (A@) (1 +T) = (Ag) (¢). To see that A is continuous, we let ¢,y €
Pr. Given € > 0, take n = &/N with N = aT ((Y’—i— }’2) ki + ko +k3) where kj,
ky and k3 are given by (5) and (6). Now, for ||¢ — y|| < 17, we obtain

t+T
lAp—avl <a [ [(7+7) ko= v+ ke +ka) o= vil]ds
<Nle-vyl<e.

This proves that A is continuous. To show that the image of A is contained in a
compact set, we consider D = {¢ € Pr : ||@|| <L}, where L is a fixed positive
constant. Let ¢, € D, where n is a positive integer. Observe that in view of (5)
and (6) we have

g (,x)| = [g(t,x) — g (#,0) +g(t,0)]
<|g(t,x) —g(t,0)| +[g(z,0)]
< ki [|x|| +p1,

similarly,

< ’f(t7x7y)_f(t7070)‘+’f(t7070)’
<k [|x]| + k3 |yl + P2
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where p; = max |g(7,0)| and p» = max |f(z,0,0)|. Hence, if A is given by
t€[0,T] t€[0,7]

(14) we obtain that
L A@u|| <D,

d
for some positive constant D. Next we calculate o (A@,) (t) and show that it is

uniformly bounded. By making use of (2), (3) and (4) we obtain by taking the
derivative in (14) that

d
o (Ap) (1)

exp ([ a(v)dv)

+T
= —b(t)G(t,s)+
/’ 0G0 exp(foTa(v)dv)—l
X {(d' () +a () & (5,Pu (s = T())) + f (5,9 (), @ (s — T (5))) } ds.
Consequently, by invoking (5), (6) and (16), we obtain

d
E ('Aq)n) (t)

<TAoa+B)[(Y+7) (kiL+p1) + (ka+k3) L+ ps]

<M,

for some positive constant M. Hence the sequence (LA@,) is uniformly bounded
and equicontinuous. The Ascoli-Arzela theorem implies that a subsequence
(A, ) of (Ag,) converges uniformly to a continuous 7-periodic function.
Thus A is continuous and A (D) is contained in a compact subset of Pr. O

Lemma 3.2. If B is given by (15) with
ki(1+6BT)< 1, (17)
then B : Pr — Pr is a contraction.

Proof. Let BB be defined by (15). It is easy to show that (B) (r+T) = (Be) (1).
To see that BB is a contraction. Let ¢,y € Pr we have

|(Bo) (1) — (By) (1)]

<18 (0,9~ (1))~ g (1, W= (0)

[ OB g5, 0 (5= 76)) —g 5 ws—7(5))]ds
<k (1+6BT)[lo—v].

Then, we get
1Be —By| <k (1+6BT)|¢—vl.
Thus B : Pr — Pr is a contraction by (17). O
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Theorem 3.3. Let o, B, v and Y be given by (16). Suppose that conditions
(2)—(7), (12) and (17) hold. Suppose there exists a positive constant J satisfying
the inequality

{la(Y+7)+0B]p1+ap:} T+p:
+{[(a (Y +7)+6B) ki +a(ka+k)| T+ki }J < J.

Then (1) has a solution x € Pr such that ||x|| < J.

Proof. Define M = {¢ € Pr:||¢| <J}. By Lemma 3.1, the operator A : Ml —
Py is compact and continuous. Also, from Lemma 3.2, the operator B : Ml — Pr
is a contraction. Conditions (ii) and (iii) of Theorem 2.7 are satisfied. We need
to show that condition (i) is fulfilled. To this end, let ¢, y € M. Then

[(A) (1) + (By) (1))

t+T
<a [ (7 +P) W lol+p)+ etk o]+ pa)

t+T
iyl +p1+6B [ Gl +pi)ds

<{[a(Y+7")+6B]p1+ap:} T+p
+H{{(a(Y+7)+0B) ki +alka+k)] T+k}J < J.

Thus || A+ By|| < J and so Ap + By € M. All the conditions of Theorem
2.7 are satisfied and consequently the operator H defined in (13) has a fixed
point in M. By Lemma 2.4 this fixed point is a solution of (1) and the proof is
complete. O

Theorem 3.4. Let o, 3, v and Y be given by (16). Suppose that conditions
(2)~(7), (12) and (17) hold. If

[(o (Y +7) +6B) ki +a (ke +k3)| T+ki < 1,
then (1) has a unique T -periodic solution.

Proof. Let the mapping H be given by (13). For ¢, v € Pr, we have

(He) (1)~ (Hy) (1)
t+T
ga[+[W+fﬂw¢—W+@ﬁ%ﬁM—WMw

1+ T
+hillo=vl+6p [ killo—ylds
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Hence,

|Ho—Hy|| < {[(a (Y +7)+0B)ki+a(ka+k)]| T +ki}|lo—wl.

By the contraction mapping principle, H has a fixed point in Pr and by Lemma
2.4, this fixed point is a solution of (1). The proof is complete. Ul
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