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EXISTENCE OF PERIODIC SOLUTIONS AND STABILITY FOR
A NONLINEAR SYSTEM OF NEUTRAL DIFFERENTIAL
EQUATIONS

YANG LI, GUILING CHEN

ABSTRACT. In this article, we study the existence and uniqueness of periodic
solutions, and stability of the zero solution to the nonlinear neutral system

%x(t) = Ah(z(t —11(t)) + %Q(t,x(t —72(t)) + G(t, z(t), z(t — 72(1))).

We use integrating factors to transform the neutral differential equation into
an equivalent integral equation. Then we construct appropriate mappings and
employ Krasnoselskii’s fixed point theorem to show the existence of a periodic
solution. We also use the contraction mapping principle to show the existence
of a unique periodic solution and the asymptotic stability of the zero solution.
Our results generalize the corresponding results in the existing literature. An
example is given to illustrate our results.

1. INTRODUCTION

Functional differential equations are widely applied in fields, such as neural net-
works, population dynamics, control theory, and many other fields. Recently, the
theory about these equations has been an object of active research, mostly because
by understanding the properties of solutions we can see the trend of events in real
world problems.

Investigators have given special attention to the study of equations in which the
delay occurs in the derivative of the state variable as well as in the independent
variables. These equations are called neutral differential equations, and describe
actual problems more accurately than other differential equations. In particular,
qualitative analysis, such as periodicity and stability of solutions of neutral differ-
ential equations, has been studied extensively by many authors. For a long time,
the direct Lyapunov method or Lyapunov function was the main tool for determin-
ing stability in many differential equations without solving the equations explicitly.
However, there are a lot of problems when using this method: Lyapunov’s direct
method requires pointwise conditions while many practical problems do not meet
these conditions; a suitable Lyapunov function is not easy to construct; and there
are problems with ascertaining limit sets when the equation becomes unbounded
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or the derivative is not finite. Fortunately, Burton and other authors have applied
fixed point theory to investigate the stability of systems and obtained some appli-
cable techniques. Moreover, the advantage of fixed point theory is that it can prove
the existence, uniqueness, boundedness, and stability of the equation at the same
time. For recent works on periodicity and stability of neutral equations, we refer
the reader to the references in this article.

In 2007, Islam and Raffoul [9] studied the existence of periodic solutions of the
system

L a(t) = AW + SQ(t 2t — 9(1) + Ot 2(), 2t — 9(t). (1)
Using Krasnoselskii’s fixed point theorem, they obtained the existence of a unique
periodic solution of . Existence and uniqueness of solutions has been also
investigated using the contraction mapping principle; see [9] for linear systems,
and [I4] for nonlinear systems. Mesmouli, Ardjouni, and Djoudi [14] extended the
results of [9] by studying a nonlinear system with two variable delays

Lalt) = Ayt — (1)) + QU (1 — 9(1))) + Clt,x(0),a(t — 9(1)).

Motivated by the works mentioned above, we study the following system where
we replace the linear term A(t)z(t—7(t)) by the nonlinear term A(t)h(z(t—7(t))),
and has two variable delays:

d

%x(t) = A(t)h(z(t —71(t))) + %Q(t, z(t — 2(t)) + G(t, z(t), z(t — m2(t))), (1.2)

where A(-) is a nonsingular n x n matrix with continuous real-valued functions as
entries. The functions h: R - R", Q@ : R x R®” - R", and G : R x R” x R* — R"
are continuous in their respective arguments, and 75 is continuously differentiable.
In our analysis we use the fundamental matrix solution of z’(t) = A(t)z(t) coupled
with Floquet theory to transform into an integral system. The integral system
obtained is the sum of two mappings, one completely continuous, and the other a
contraction.

The organization of this article is as follows. In section 2 we present some
definitions and transform into an integral system. In section 3 we study the
existence and uniqueness of a periodic solutions. In section 4 study the stability
of the zero solution. And in section 5 we present an example that illustrates our
results.

2. PRELIMINARIES

For T > 0, let Pr be the set of all n-vector valued functions x(t), which are
continuous and periodic in ¢ of period T. Then (Pr,| - ||) is a Banach space with
the supremum norm

()|l = sup |z(t)| = sup |x(t)],
teR t€[0,T)

where | - | denotes the norm for x € R™. Also, if A is an n X n real matrix, then we
define the norm |A| = max;<;<n Z?:I lai;|.

Definition 2.1. Let matrix A(-) be periodic of period T'. The linear system
y' () = At)y(1), (2.1)
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is said to be noncritical with respect to T, if it has no periodic solution of period
T except for the trivial solution y = 0.

In this article, we assume that
A+T)=A1), nt+T)=7n@)>7 >0, n{t+T)=7m()>m >0, (2.2)

with 7 is continuously differentiable and 7, 75 are constants. For t € R, z,y € R,
the functions Q(t,z) and G(t,z,y) are periodic in ¢ of period T'. That is

Qt+T,z)=Q(tx), Gt+T,z,y) =Gt xz,vy). (2.3)

The functions @, G, h are also globally Lipschitz continuous. That is, for x,y, z,w €
R™, there are positive constants k1, ko, k3, k4 such that

Q(t, z) — Qt,y)| < Fallz —yl, (2.4)
Gt 2, y) — G(t, 2, w)| < kallz — z[| + kaslly — wll, (2.5)
[h(x) = h(y)| < kallz —yll. (2.6)

Throughout this article we assume system (2.1)) is noncritical. Let K (t) represent
the fundamental matrix of (2.1]) with K(0) = I, where I is the n xn identity matrix.
Then:

(a) det K(¢) #0.
(b) There exists a constant matrix B such that K (t+7) = K (t)eT?, by Floquet
theory.
(c) System (2.1)) is noncritical if and only if det(I — K (T)) # 0.
The following lemma is fundamental for our results.

Lemma 2.2. Suppose (2.2) and (2.3) hold, then x is a solution of (1.2) if and
only if
x(t)
t

— QU a(t — (1)) /t At
t+T '

+ K()U(T) K1 (s)A(s) [Q(s, (s — 72(s))) = (2(s) — h(x(s)))

t

s t+T
— / A(u)h(ac(u))du} ds + K(t)U(T) /t KYs)[F(s)h(z(s —71(s)))

—71(s)
+ G(s,z(8),x2(s — 12(s)))]ds,
(2.7)

where
U(T) = (K- Y(T)- 1),

F(t) = A(t) — (1 = () A(t — 71.(t)),
where K(-) is the fundamental matriz solution of (2.1).

Proof. Let z(t) € Pr be a solution of (1.2)). We rewrite (|1.2) as

%if(t) = A(t = n () h(z(t — 71.(6)(1 - 71(t))

— At = () h(a(t = m1(1)))(1 = 1 (8)) + A h(x(t)) — A(t)h(x(1))

+A@A(x(t —(1))) + %Q(L w(t —72(t))) + Gt z(t), z(t — 72(1)))

(2.8)
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d d [

= 5@t z(t —72(1) - = /t_ﬁ(t) A(s)h(z(s))ds + A(t)h(x(t))
+ h(z(t — (1)) [A(t) — At — (1) (1 — 71(1))]

+ G(t,z(t), z(t — m2(t))).

Putting F(t) = A(t) — (1 — 7{(t))A(t — 71(t)) we have

d t

= [o) + /f o Ah(a()ds - Q(t,alt - n(1)]

— A1) {x(t) + /t

| AR = Qlt ot~ na®)]
+E(Oh(a(t = 71(1) — AW (1) — hlx(0)] + ADQ( 2(t — 7a(1))
—A(t) / A(s)h(2(s))ds + G(t, z(t), m(t — T2(t))).

t—71(t)

Since K(t)K~1(t) = I, it follows that

This implies
d .1 -1
%K (t)=—-K(t)A(t).

If 2(t) is a solution of ([1.2) with (0) = x, then

%[K*l(t) (x(t) + /t

| AR = Q(t.a(t = (1))

—

KN AW |Qt,x(t — m2(1))) — (x(t) — h(x(1))) —/

- A(s)h(x(s))ds}
+ K O)[F()h(x(t — 71 (t)) + G(t, w(t), x(t — (1))

EJDE-2024/21
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Integrating of the above equation from 0 to t yields

o) = Qtalt =)~ [ AshGa(e)ds + K(O)(x(0

—T1 (t)

0
w [ AR~ Q. —(0)
+ K(t /K Q(s, (s — 12(s))) — (x(s) — h(z(s))) (2.9)
f/ A(u)h( (u ))du]ds

LK / K- (s = 71())) + Gls,2(5), (s — 72(5)) ] ds.
Since z(T') = o = 2(0) and
(I—K(T) ™" = (K@) (E(T) 1)) = (K1) = 1) K\(T),
using we obtain

0

£(0) + / o, A ~ Q0. —7(0)

= (KT =) | KT (6)A) [ Qs (s = 72(9)) = (als) — hla(s)
- / S A(u)h(:c(u))du] ds (2.10)
s—71(s)
/ K~ (s —11(s)))
+ G(s,z(s), J}(S—TQ )))}ds
Substituting (2.10)) into (2.9)) yields
x(t)
=Q(t,x(t — (1)) — /t o A(s)h(z(s))ds
K 0t e (s,2(s = 7a(s)) = (a(s) = hla()

_/s ()A(u)h(m(u))du]ds
A )

K~ Y(s)[F(s)h(z(s — 71(s)))

0

+Glsa(9)als = na(s)]ds + K() [ K76)AR)[Qs.a(s = m(s))

-1

+K(t) (KY(T) — 1)

_(a:(s)—h(x(s)))—/i ()A(u)h(m(u))du}ds

t

+ K(t) ; Kﬁl(s) [F(s)h(x(s —11(8))) + G(s,x(s), (s — TQ(S)))]dS.
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A K= (s) [F(s)h(a(s — 71(5))) + G(s, 2(s), x(s — m2(s)))] ds

+(K7H(T) -~ 1) | K~ (s)A(s) [Q(S,m(s — 7a(s))) — (x(s) — h(z(s)))

_ / ) Afu)h((u))du] s
s—71(s)

+ (Kﬁl(T) — I) ; K1(s) [F(s)h(aj(s —T11(8)))

+ G(s,z(s),x(s — Tg(S)))}ds}

=Q(t, z(t — 12(t))) — A(s)h(x(s))ds

) — h(z(s))) — / A(u)h(az(u))du] ds

— (z(s) —
—71(s)
T

+ /t K71 (s) [F(s)h(a(s = 1(s))) + G(s,2(s), x(s — 1a(s)))] ds

+ /0 KN (T)K ™ (s)A(s) {Q(Sw(s —7a(s))) — (x(s) — h(z(s)))

_ /_ ( )A(u)h(x(u))du] ds

+ [ KR @) [Pl = 7 (9) + Glsas) s = ma(s))] s}
By letting s = v — T and U(T) = (K~Y(T) — I)~!, the above expression yields
x(t)
—QUtat-n) - [ AGh(a(s)ds

t—71(t)

T
+E@U(T) [ K™ (s)A(s) [Q(S, z(s —72(s))) — (2(s) — h(z(s)))

- / ) Afu)h(e(u))du] s
s—T1(s)
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T
+ K(@)U(T) / K=Y (s) [F(s)h(w(s = 71(5))) + G(s,2(s), a(s — m2(s)))] ds
t

t+T
+ K(OU(T) /T KT)E ™ (v = T)A(w —T)[QUv— Toa(v ~ T —ro(v — 7))

v=T

—(z(v—=T) = h(z(v-T))) — / A(u)h(:ﬂ(u))du] dv
v—T—71(v=T)
t+T
+E@UT) | KN T)K~'(v—T) [F(u D)z —T — 71 (v —T)))
+G(v—T,x(v—T),x(v—T—Tg(v—T)))}ds. (2.11)

By assumption (b) we have K(t —T) = K(t)e~T? and K(T) = eT2. Hence
K YT)K'(v-T)=K ).
Consequently, since and hold, equation becomes
(t)
t

=Q(t,z(t — m=(t))) — / A(s)h(x(s))ds

t—Tl (t)

S ROU) [ KA [Qssa(s = 7a(9) = (0(6) = hlas)
- /s A(u)h(m(u))du} ds

—71(s)

T

+ K(t)U(T)/t K= (s) [F(s)h(w(s — 71(5))) + G(s, 2(s), x(s — m2(s)))] ds
t+T

+ K(0)U(T) /T K~ (s)A(s) [Q(S, z(s —7a(s))) — (x(s) — h(z(s)))

_ / 7 ( )A(u)h(z(u))du} ds

t+T
+ K@)U(T) / K7 () [F(s)h(z(s = 1(s))) + G(s,2(s), x(s — 72(s)))] ds.
T
(2.12)
By combining the two integrals of (2.12)), we can easily obtain (2.7). By finding the

derivative of (2.7), we can obtain (1.2). The converse implication is easily obtained
and the proof is complete. ([l

We end this section by stating some theorems which will be useful for obtaining
our main results. Next we state Krasnoselskii’s fixed point theorem whose proof
can be found in [19].

Theorem 2.3. Let M be a closed conver non-empty subset of a Banach space
(X, |I-1). Suppose that A and B map M into X such that the following conditions
hold

(i) Az + By € M for all z,y € M;
(ii) A is continuous, and AM is contained in a compact set;
(iii) B is a contraction.
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Then there is a z € M, with z = Az + Bz.

Theorem 2.4 (Contraction mapping principle). Let (X, p) a complete metric space
and let P : X — X. If there exists a constant a < 1, such that for x,y € X we
have

p(Pz, Py) < ap(z,y),
then there exists a unique point z € X with Pz = z.

3. EXISTENCE AND UNIQUENESS OF PERIODIC SOLUTIONS

In this section, we discuss the existence and uniqueness of periodic solution
of system by using Krasnoselskii’s fixed point theorem and the contraction
mapping principle. To apply Theorem we need to define a Banach space B, a
closed bounded convex subset M of B and construct two mappings; one completely
continuous and the other a contraction. So we let (B, || -||) = (Pr,| -|) and

M ={p e Pr:|e| <L} (3.1)

where L is a positive constant.
Define the mapping P : Pr — Pr by

(Py)(t)
—QUt.plt =) = [ Als)he(s)ds
t—711(t)
t+T
+EMUT) [ K (5)A(5) Qs (s — m2(5)) = ((5) = h((5))) .
t 3.2

- / ) A(u)h(w(u))du}ds
s—711(s)
t+T
+ K@)U(T) t K= (s)[F(s)h(p(s = Ti(s)))

+ G(s,9(s),o(s — 72(s)))ds.
Therefore, we express the above equation as
(Pe)(t) = (Re)(t) + (Bp)(1), (3.3)
where R, B : Pr — Pr are given by

t

(RO = Qe (e~ lt) ~ [ Al)hlp(s))ds

t—Tl (t)

t+T
FKOUD) [ KA () B4
o(s S

NGORLGOIEY IO EIT S

and o
(Byp)(t) = K(t)U(T) /t K~ (s)[F(s)h(p(s — 71(9)))

+ G(s,90(5), p(s — 12(s)))]ds.

Lemma 3.1. Let R be defined by (3.4), and assume that (2.2)-(2.6) hold. Then R
is continuous and RM is contained in a compact set.

(3.5)
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Proof. Firstly, by (2.4)-(2.6), we obtain
Q(t, z) < [Q(t, x) — Q(£,0) + Q(¢,0)] < kaflz]| + 1Q(, 0)] (3.6)
|G(t, z,y)| <|G(t,z,y) — G(t,0,0) + G(t,0,0)]
< kol 2| + ksllyll + |G(2,0,0)],
|h(@)| < kallzl] + [h(0)] . (3.8)
Let R defined by . For ¢ € M, we have
t
(Re)(t) < [Q(t, ¢(t — 72(t)))] +/ | Al[R(p(s))|ds

t—Tl (t)

t+T 4
= [ KU @R 0] ARG (s = ()
(o) + o)) + [

s—71(8)

<kiL+ B+ a|A|(kaL + 1)+ cT|A|[kiL+ B+ L+ ksL +1n
+ alA|(ksL +n)] = E,
where F is a constant, and

Q= sup |7-1(t)‘7 = sup |Q(t,0)|, Y = Ssup |G(t7070)|7
te[0,T] te[0,T] te[0,T]

Al (o (w) du ds

n=h(0)], c¢= sup ( sup |[[K(s)U"H(T)K~(t)]7"]).
te[0,T] s€[t,t+T]

Next, we show that R is continuous in the supremum norm. Let 1,2 € M, for
€ > 0, choose n = €/A, where

A = ki + a|Alks + cT'|Alky + ¢T|A| + cT|Alks + cT'|A|(a| Alks) + cT|Fky.
For [|¢1 — ¢2|| < n, we obtain
[(Rp1)(t) — (Re2) (1))
t

< |QE, @it = 72(1))) — Q(E, w2t — 72(1)))| + / [ Al 7 (p1(5)) = hlpa(s))| ds

t—71 (t)

t+T

[ R OUEE O] 4@ 15— 7a(s)) — Qs oals — mals))] ds
tt—i—T

[ IEGUTDE O] Al (o) - pas)lds
tt+T

[ U @R @1 1Al (5) ~ Ala(s)lds

t+T s
+/t [K(s)U™H(T) K~ ()] ] |A] | Al [P(p1(u)) — hlpa(u))| duds

s—T11(s)

t+T
+ / [[K(s)U N T)K ()] |Flh(p1(s — 71(s))) — h(2(s — 71(s)))| ds
t
< k1llpr — 2|l + afAlkallor — pal| + T Alk1[|p1 — w2 + cT|All[p1 — 2|
+ cT|Alkallpr — p2|| + cT'A[ (af Alkallpr — p2|l) + cT|Flkallp1 — @l
= [k1 + a|Alky + cT|Alky + cT|A| + ¢T|Alks + cT| Al (| Al ks)
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+ cT|Fks]llor — @2 <€,

which shows the continuity of R.

Finally, we show that RM is contained in a compact set. Let ¢ € M, then by
, we see that Ry is uniformly bounded. Then, let ¢ € M, without loss of
generality, we can pick w < t such that ¢t —w < T. Then we have

[(Re)(t) — (Re)(w)]

<R ¢(t — 12(1))) — Qlw, p(w — 72(w))) +

[ AGs
[ At
t-‘iT
| [ U @R O] A (s~ ()
w+T
[ EEUTEE T @) AR (s - )i
wt-‘rT
| [ U @R O A s)ds
w+T
- [ KOUTOE @) Als)e()ds
wt-‘rT
| [ U @R O Alhels)ds

w+T
- [ K@U @) A h(o(s))ds|

N t+T
+ ‘/t [K(S)U_l(T)K_l(t)]_lA(S)/ A(u)h(p(u)) duds

s—711(s)

w+T s
- KU DR @A) [  Awho() duds]|
Since — hold, we have
[ a@neeas— [ A
t—T11(t)

w—71(w)
t—71(t)

g<k4L+n>(/:|Ads+/w

|Alds),

—71(w)

and

t+T
/t [K(s)UHT)E ()] A(5)Q(5, (s — 7a(s)))ds

w+T
[ KU @) AGQ(s o - )i
=| [ KU DK 0] AR (s ~ (s
t+T

+/ [K(s)UH(T)EH ()] A(s)Q(s, (s — ma(s)))ds
w+T
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w+T
[ KU @R @) - KUK @)
% A(5)Q(s, (s — a(s)))ds
< () - 1| [ (1)) AG) Qs (s — ma(s)))ds|

w+T
n ‘/ (K () U™ (T K ()]~ — [K(s)U~H(T) K (w)] ™)
X A()Q(s, (s = 7a(s))ds|

< clK(T) = 1L+ 5) [ [Alds + (L 5)

T
></ |K(t) — K(w)| |[UT)K(T)K ™" (s)||Alds,

’ /t+T L] As)e(s)ds

w+T
/ K()U~ (T)K ()] A(s)p(s)ds

/ CK (U)K (6] As)p(s)ds

t+T
+ / K (U~ (T)E ()] A(s)(s)ds
w+T

w+T
+/ [K(s) U HT)E ()" - [K(S)Ufl(T)Kfl(w)rl’A(S)@(S)ds‘
< K(T) 1| / K1(0)] ™ Als)p(s)ds|
w—+T
| [ R eUT @R O]~ KU DK @) Al)pls)ds

t T
< o|K(T) — I|L/ |Alds + L/O K(t) - K(w)| [UT)K(T)K~\(s)| | Alds,

’/ K=Y ()] A(s)h(p(s))ds
w+T
[K(S)Uil(T)K71(w)]flA(S)h(w(s))ds

/t [K(s)U™HT) K~ ()] A(s)h(p(s))ds

t+T
+ / K ()T (T)K 1 (6)] " A(s)h(ip(s)) ds
w+T

w—+T
+ / (K ()UK~ ()] = [K(s)U™H(T)E ™ (w)] 7' A(s)h(g(s))ds

11
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< e - 1| [ 1)) A(s)(ip(s) |

w—+T
+| / (K ()UK )] — [K(s)U (1)K~ @)] ™) Als)h(p(s))ds

t
<C‘KT —I) ksL + 1) / |Alds + (koL + 1)

EJDE-2024/21

/ K(0) ~ K@)[U@)K(T)K ()| Alds,

S

t+T
/t (K (U~} (T) K~ (8)] " A(s) / Aw)h(p(u)) duds

s—71(8)

w+T s
- / K(s)U " (T)K ()] A(s) / A(w)h(p(w)) du ds

s—71(s)

S

[ @t mrtwrtae [ A

t+T s

+/W+T [K(s)U™(T)K~*(t)] A(s)/S Tl(S)A(u)h(go(u)) du ds
w+T

+/ [K(s)UN(T)K ' ()" = [K(s)U(T) K~ (w)] 7!

x A(s) / Sﬁ(s) Aw)h(p(w) duds|

/ (KU (@)K (0] Als) /

s—71(s)

w+T
H [ EOUTIOE O - KU DR @) )
Als ) A(u)h(p(u)) duds
<A [ Ao duds|

S

< [K(T) -1

A(u)h(p(u)) du ds’

¢
< |K(T) —I|a|A|(k4L+77)/ |Alds + o A| (ks L 4+ n)

/ K (t) — K(w)| [U(T)K(T)K(s)| |Alds,

which implies

|(Re) (1) — (Rep) (w)]

t t—71(t)
< 1Q(tplt = 7a6)) = Qv p(w = ral )] + kel +m) ([ Ads+ [ jajds

w—71 (w)

SN—

+c|K(T) — I|(k1 L + ﬂ)/ |Alds + (k1L + B)

x/o |K(t) — K(w)| |[UT)K(T)K ™" (s)||Alds
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+c|K(T) - I L/ |Alds + L/0 |K(t) — K(w)| |[UT)K(T)K ™" (s)||Alds

+ | K(T) — I (ks + n)/ \Alds + (kaL +n)

w

T
X /0 |K(t) — K(w)] ]U(T)K(T)K’l(s)| |Alds
+ K (T) — I alAl(ks L + ) / |Alds + ol A|(ksL + 1)

T
X /0 |K(t) — K(w)| ]U(T)K(T)K’l(s)| |Alds.

Then by the dominated convergence theorem |(Ry)(t) — (Rp)(w)| = 0ast—w — 0
independently of ¢ € M. Thus (Ry) is equicontinuous. Hence by Ascoli-Arzela’s

theorem, RM is contained in a compact set. O
Lemma 3.2. Suppose (2.2))-(2.6) hold and
cT (k4|F| + ko + kg) <1 (310)

If B is defined by (3.5), and F by (2.8), then B is a contraction.
Proof. Let B defined by (3.5 n, and ¢, € M. By (2.4)-(2.6), we have
|(Bep)(t) — (By)(t)]

t+T
| [ K@U @R O [P (el = n(9) = Al = ()

+ (G(s,0(s), p(s — 72(s))) — G(s,9(s), ¥ (s — 2(s)))) } ds
< T (ka|F| + k2 + k3) [ — |-
The proof is complete. U

Theorem 3.3. Let the hypothesis of Lemmas and hold, M defined by (3.1).
If there exist a constant L > 0 such that

k1L + B + a|A|(ksaL + 1) + cT|A|[kiL + B + L + (kaL + 1) + | A|(kaL + 1))
+ cT[|F|(kaL +n) + (k2 + k3)L + 9] < L,
then has a T-periodic solution in M.

Proof. By Lemma R is continuous and RM is contained in a compact set, by
Lemma [3:22] B is a contraction. Next, we will show that if p,¢) € M, we have
Rp+ By € M. Let p,v € M, we have

|Rp + By|| < k1L + B8+ a|A|(ksL + 1) + cT|A|[k1 L+ 8+ L+ (kaL + 1)
+ a|Al(kyL + 1)) + cT[|F|(ksL + ) + (ko + k3)L ++] < L.

Clearly, all the hypotheses of Krasnoselskii’s fixed point theorem are satisfied. Thus
there exists a fixed point z € M such that z = Az + Bz. By Lemma[2.2] this fixed
point is a solution of ([1.2)). Hence (1.2]) has a T-periodic solution in M. O

Theorem 3.4. Suppose (2.4)-(2.6) hold. If
k1 4+ alAlky + T Alky 4+ cT|Al 4 cT'|Alks + T Al (| Alk4)
+ CT|F|]€4 + CT(kQ + ]{?3) <1,

(3.11)
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then (1.2) has a unique T-periodic solution in Pr.
Proof. Let the mapping P given by (3.2)). For 1,92 € Pr, we have
[(Pe1)(t) — (Pe2)(1)]

t

< Q@1 (t = 72(1))) — Q(E, w2t — 72(1)))| + / [ Al [h(1(s)) — hlpa(s))| ds

t—71 (t)

t+T

+[' KU DK (0] 1A [Qs. 01(s — 7(5))) — Qs als — ma(s)))] ds
t+T

-+1 K (5)UHT)E L) [Allps(5) — 9a(s)lds
t+T

41[ | ()T (T)E (0] |Allh(p1(5)) — hia(s))lds

t+T s
+/t [[K(s)U~H(T) K~ ()] ] |A] | Al [h(p1(w)) = h(pa(w))] duds

s—71(s)

t+T
+ /t |[K(s)UH DK O |F] h(e1(s = 71(5))) = hlya(s — 1i(s)))] ds

t+T
+ /t KUK )] |G s, 01(5), 01(s = 72(5)))

— G(s,02(5), p2(s — 1a(s)))|ds
< kllor — pall + af Alkallor — @2l + T Alk1 |1 — 2|l + cT[All[p1 — 2|
+ cT'|Alks|lpr — ol + T Al (af Alkallo1 — p2l|) + ¢T'|Flkall o1 — 2|
+ cT'(ka + k3|1 — 2|
= [k1 4+ a|Alks + ¢T|Alky + cT|A| + cT|Alky + ¢T'| Al (| Alks)
+ (T|F ks + T (k2 + k3)]llo1 — @2

Since (3.11]) holds, with the contraction mapping principle we complete the proof.
|

Note that, when h(z) = z, Theorem and reduce to |14, Theorems 3.1 and
3.2].
4. ASYMPTOTIC STABILITY OF THE ZERO SOLUTION

In this section, we study the asymptotic stability of the zero solution of the
nonlinear system

Salt) = AWR(t — (1)) + FQ 2t = ma(0) + Gt 2(0) 2(t ~ ma(0), (4.)
with the initial function

2(t) =4(t), t € [m(to), tol, (4.2)

where ¢ € C([m(tg), to], R™). A, h,Q, G, 11,72 are defined as in the previous section,
and for t > tg,

m]’(to) = inf{t — T‘j(f),t Z to}, m(to) = inf{mj(to),j = 1, 2}

We assume that
Q(t,0) = G(t,0,0) = h(0) = 0. (4.3)
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Now we obtain sufficient conditions for the asymptotic stability of the zero solu-
tion for system (4.1)) by using contraction mapping principle. We define the space

Sy ={p € CR,R") : o(t) = ¥(t) if m(to) < t < to,
¢(t) = 0 as t — 00, ¢ is bounded }.
Then, (Sy, || - ||) is a complete metric space with the supremum norm || - ||.

Definition 4.1. For each initial value (to,%) € (0,00) x Sy, a function « is called
a solution of (4.1)) associated with (to,) if z € C([m(to),o0), R™) satisfies (4.1)
for almost all ¢ > tg and = ¢ for t < ¢y. Such a solution is denoted by z(t) =
l‘(ta to, ¢)

Definition 4.2. If ®(¢) is a fundamental matrix solution for system (2.1)), then
O(t,r) := ®(t)® 1(r) is the state transition matrix. Also, the state transition
matrix satisfies the Chapman-Kolmogorov identities
O(r,r) =1, ®(t,s) B(s,r) = R(t,7),
0d(t,
O 1(t,5) = D(s, 1), % = —®(t,5)A(s).
S
In our analysis we use the fundamental matrix solution of ([2.1) to transform
(4.1) into an integral equation. Then we employ the contraction mapping principle
to show the asymptotic stability of the zero solution of (4.1)).

Lemma 4.3. x is a solution of the 4.1) if and only if

t

o) = Qe —n@) ~ [ A

+D(t, to) [x(to) +/

to—71(to)

A(s)h(a(s))ds = Q(to, x(to —ma(t0)))]

+ / o(t, 5){F(S)h($(5)) — A(s)[z(s) — h(z(s))] + A(s)Q(s, 2(s — 72(s)))

to

— A(s) /_ “ A(u)h(z(u))du + G(s,z(s),z(s — 7'2(3)))}ds7
1 (4.4)
where

F(t) = A(t) — (1 = 71 () A(t = 7a(t)).

Proof. Let = be a solution of (4.1) and ®(¢) is a fundamental matrix solution of
(2.1). We rewrite (4.1) as
¢

d
— |z A(s)h(x(s))ds — ,x(t — o
G0+ [ A= otst - n(0)

t

A0+ [ A - Qs )

+ E(O)h(z(t = (1)) = AW)[2(t) = h(z(t))] + AD)QE, z(t — 72(1)))
— A(t) /t A(s)h(x(s))ds + G(t,x(t), x(t — 72(t))),

—T1 (t)

where F(t) = A(t) — (1 — 7L (£))A(t — 71(t)).
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Defining a new function

2(t) = 071 (t) +/

t—7'1 (t)

t

A(s)h(x(s))ds — Q(t, z(t — m(t)))},

we have
%z(t) = %qu(t) [2(t) + /t_w) A()h(w(s))ds — Q(t, a(t — 72(1)))]

+ @—l(t)% [o(t) + /t_ o Al(a(s)ds = Qlt.at - n(1)].

From Deﬁnition it follows that 4 ®~1(t) = —®~1(t)A(t). Then

%z(t) - %qu(t) [=(t) + /tw) A(s)h(a(s))ds — Q(t, a(t = 72(1)))]

d t
O (t)— |z A(s)h(xz(s))ds — ,x(t — 7
+o g e+ [ o Aeh(a(s)ds = Q(t ot = ma(6)

t

=~ (1) A(t) [x(t) + /t_nm

w0+ [ A @ittt )

—AQ) /t_ AL + Gt (0, a(t - m(t)}-
Also note that

2(to) = @7 (00 [o(00) + [

to—71(to)

to

A()h(w(3))ds = Qlto, x(to — (o)) .

Integrating from tg to t, we have

z(t) — z(to)
= /t ‘P_l(S){F(S)h(x(S —71(5))) — A(s) [x(s) — h(x(s))] + A(s)Q(s, 2(s — 72(s)))
— A(s ’ A(u)h(z(u))du + G(s,z(s), z(s — m2(s ds.
[ At Glo,(5)2( ()}
This yields

o-L(1) [x(t) +/

t—T71 (t)

t

A()h(a(s))ds — Q(t,x(t — m2(1)))]
= &7 (t) [a(to) + /t 7 oy A5 ds = Qo a(to = (1))

+ [ 7 {Po)htats = () = AGs) los) = hia(s)
+ A(9)Q(s, (s — 72(5)))
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— A(s) /5 A(u)h(z(u))du + G(s,z(s), x(s — TQ(S)))}dS,

—71(s)
which yields
t

x(t) = Qt x(t — 72(t))) — /ti " A(s)h(x(s))ds

rott) o)+ [ Ah(a(s)ds - Qlto,(to ~ 7a(t0))

to—71(to)

+ [ o) {Fohals - n(s) - A6) fols) - ha(s)

to

+ A(8)Q(s,z(s — 12(5)))
— A(s) / A(u)h(z(u))du + G(s,z(s),z(s — TQ(S)))}dS.

—71(s)

The converse implication is easily obtained. the proof is complete. O

To obtain a sufficient condition of the asymptotic stability of the zero solution

of , we assume that
O(t) -0, t— oo, (4.5)
t—m1(t) = 00, t— o0,
t—1a(t) = 00, t— 00, (4.7

and that there is 8 > 0, such that

t t
k1+k4/ |A|ds+/ DL, 8)] [kal FI + (14 ki + ) 4]
t to

—T1 (t)

(4.8)

+ k) Al |A|du+k2+k3]ds§6< 1, fort > to.

s—71(8)

Theorem 4.4. Let us assume that (2.4))-(2.6) and (4.5)-(4.8) hold. Then every
solution x(t,to,v) of (4.1), with small continuous initial function v, is bounded

and asymptotically stable.
Proof. We define the mapping P based on Lemma

t

(Po)(t) = Q(t, (t — 72(t))) — /t_ " A(s)h((s))ds

+B(tyto) [wt0) + [

to—T71(to)

A()h(p(s))ds = Qlto, ¢ (to = 72(t0)))]

+ [ 2t ) {FOR() - n(s) - A)e(s) - hel)

to

+ A(5)Q(s, o5~ 7a(s)
A6 [ A@hpw)du+ Gl p(s), o(s ~ ma(s) .

s—71(8)

Since @, G, h are continuous, it is easy to show that P is continuous. Let ¥ be a
small given continuous initial function with [|¢|| < (6 > 0). Since ¢ € Sy, there is
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a constant L > 0 such that ||¢|| < L. By choosing a suitable §, we have
t

(PO < QRO+ [ Aol
+le ol [Jotto)l + [

to—71(to)

+[ I‘P(t’S)I{IFIIh(w(S) —72(s))| + [Allle(s)] + [A(e(s))]]

to

+ |Al|Q(s, (s — a(s)))]

S

[AllR(p(s))]ds + [Q(to, ¢(to — Tz(to)))l]

AL TA@IIRGet) i+ (s, (o) s = 72(s)))| fds
t to
< k1L+k4L/ |A|ds+|¢|5(1+k4/ |Alds + k1)
t—71 (t) to—1(to)

t
+ L/ |(t, 5))| [k4|F| + (1+ k1 + ka)|A]
to
+ ka|A|
s—T1(s)

|Aldu + (ks + k;g)}

to
gﬂL+|<I>|5(1+k4/ Alds + k1),

to—1(to)
which implies that Py is bounded.

Then we show that (Py)(t) — 0 as t — oo. By (4.3) and (4.5)-(4.7)), we can
easily have that Q(t, p(t — 12(t))) — 0, fttin(t) A(s)h(p(s))ds — 0 and

to

B(t,to) ko) + [

to—71(to)

A(s)h(p(s))ds — Q(to, p(to — 72(750)))} 50 ast— oo,

Let € > 0 be given, then there exist a t; > tg such that for ¢t > ¢y, |p(t—71(¢))| < e.
By (4.5), there exist a t > ¢; such that for ¢ > t5 implies |®(t,t2)] < 57. Thus for
t > to, we have

/t |@(t, S)I{IFIIh(sD(S) = m2(s))| + [Allle(s)] + [nlp(s)]] + [A[|Q(s, (s — 72(s)))]

+14] " |AllR(p(u))ldu + G (s, ¢(5), (s = 72(8)))|}d8
t1 s
<L [ R I [RalF]+ (14 b+ R)IA]+ bl
to s—11(8)
t s
e [ 10| [kalFl + (14 iy + k) |A] + KA

t1 §—T1 (S)

|Aldu + (ks + k?,)}ds

|Aldu + (ks + kg)] ds

t1

< LIO( )| [ @tz 9)] [Fal Pl + (1 + ky + ka) 4]
to

+ k4] A |A\du+(k2+k3)}ds+ﬁe

s—71(8)

< BL|D(t,t2)| + Pe < €+ Be.
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Hence, (Pp)(t) — 0 as t — oo.
Now we show that P is a contraction under the supremum norm. Let @1, @9 €
Sy, then

[(Pr)(t) = (P2)()]

< [QUE, @1 (t = 72(1))) — Q(E, w2t — 72(1)))] + / [A[h(p1(5)) — hlpa(s))| ds

t—T11 (t)

t
+ [ o) [RidF]+ (14 b+ )]
to

S

+ kalA| |Aldu + ks + ks dslior = s

s—71(8)
< Bller — 2.

Since 8 < 1 as defined by , the contraction mapping principle implies that P
has a unique fixed point in S, which satisfies (4.1]).

Lastly, we need to show that the zero solution of is stable. Choose a § such
that 20K + Be < ¢, where K = sup;cpy, o) (¢, t0), and B is defined by . For
||| < 6, we claim that |z(t)] < e. Suppose that there exists a t' > to such that
|z(t')| > €, and t* = inf {t' : 2(¢') > €}. By the integral representation of z(t), we
have

|z (t")]
t to
< k16+k4L/ |Alds + \<I>(t7t0)|6(1+k4/ |Alhds + k1)
t—71(t) to—71(to)
t s
te | |®(t,s) [k4\F\ (1 Ky 4 k)| A] + KAl |Aldu + (ks + kg)}
to s—T11(s

< 20K + Be < e,

which contradicts the definition of t*. Therefore, the zero solution of (4.1)) is stable.
Hence, the fixed point is bounded and asymptotically stable. (I

5. AN EXAMPLE

We consider the two-dimensional system
(40) = 00 o) Gl 2E0) + i (vt miom)

0
N (W(t,xl(t - Tg(t)))> :
where p and ¢ are positive periodic continuous functions with periodic T. The
functions h : R - R, V:RXxR - R, and W : R x R x R — R are continuous in
their respective arguments, 71 (-), 72(-) satisfy (2-2).
Functions V' (¢,z) and W (¢, x,y) are periodic in ¢ with period T. They are also
globally Lipschitz continuous in x and y respectively. That is

Vit+T,z)=V(t,x), WEt+T,z,y)=W(tzx,vy), (5.2)

(5.1)

and there are positive constants ki, ko, ks such that

V(t,z) =Vt )l < kallz =y, (5.3)
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(Wt z,y) = Wt 2,w)| < kalle — 2] + kslly — wl, (5-4)
[h(2) = h(y)| < kallz = yll.

Let q(t) = p(t) = —1, h(z) = Lsin(z + ), 1 (t) = Zsin®(mt), 72(-) is a non-
negative and continuous function with period of T, V (¢, x) = sin(2mt) sin(z + ),
W(t,x,y) = § cos(2mt) sin(z) + % sin(y + ). Consider the Banach space (C1, | - ||)

Ci={p € C(R.R), p(t +1) = o, t € R},

and the closed bounded convex subset M = {¢ € C; : ||¢|| < w}. Then for
z,y,z,w € M, we have

1 1 1
Vt2) = V() < o=yl W 2,9) — Wit 2w)] < gllo— 2]+ lly - wl,

1 T
\h(z) —h(y)| < sllz—yll, a= sup |n(t) ==,
tel0,7] 50

= sup [V(10)| =15, 7= sup [W(0,0)] =~
te[0,T] t€[0,T]

= |h(0)| = % |F|=|A(t) — (1 —1{(t)A(1 —71())] < 0.04, ¢<0.34.

Consequently,

k1L + 8+ a|A|(ksL + 1) + cT|A|[kaL + B+ L + (ks L + 1) + | A| (ks L + 7))
+ CT[|F|(/€4L +n)+ (ks + ks)L + ’Y]

s 1 V3 1 V3 T o V3
< 4= = 4 — = =
_5+10+50(3+6)+03[ +10+ +3+6+50(3+6)]

V3 1 1 1
= T — 1< 7.
+034[004( + 6)+(7+8)7r+7]_7r

Then ) has a 1-periodic solution in M. Moreover,
ky + oz\A|k4 + cT|Alky + cT|A| + cT|Alky + T|A|(a|Alks) + cT|F|ky
+ CT(ICQ —+ ]{33)

1 T 1 T w1 15
<-4+ —=4+0.34 0.34 +0.34 0.34—(—= 0.34(0.04 0.34—
_5+503+ 5+ + 3+ 50(503)+ ( )3+ 56
<1.

Then (5.1]) has a unique 1-periodic solution in M.
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