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FIXED POINTS AND STABILITY OF A CLASS OF NONLINEAR
DELAY INTEGRO-DIFFERENTIAL EQUATIONS WITH
VARIABLE DELAYS

Hocine Gabsi, Abdelouaheb Ardjouni and Ahcene Djoudi

Abstract. In this work we study a class of second order nonlinear delay integro-
differential equations

N t

E(t) 4+ f (), (1)@ (1) + Z/ﬁ a;j(t, s)gj (s, @ (s)) ds

—7;(t)
FY b0 (=7 (1) =0,

with variable delays and give some new conditions ensuring that the zero solution
is asymptotically stable by means of the fixed point theory. Our work extends and
improves previous results in the literature such as, D. Pi [17, 18] and T. A. Burton [10].
An example is given to illustrate our claim.

Keywords: Fixed points, Stability, Delay integro-differential equations, Variable de-
lays.

1. Introduction

Time-delay systems constitute basic mathematical models of real phenomena such
as nuclear reactors, chemical engineering systems, biological systems, and popula-
tion dynamics models. Such systems are often sources of instability and degradation
in control performance in many control problems. For more than 100 years, the Lya-
punov direct method has been the ultimate key tool to study stability problems.
The direct method was widely used to study the stability of solutions of ordinary
differential equations and functional differential equations. Nevertheless, the point-
wise nature of this method and the construction of the Lyapunov functionals have
been, and still are, an arduous task (see [7]). Recently, many authors have realized
that the fixed points theory can be used to study the stability of the solution (see
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[1]-[11], [14], [16]-[18]). Levin and Nohel [15] studied the global asymptotic stability
of a class of nonlinear systems

(1.1) B+ h(t e, ) s+ f (z) = a(t).

They obtained asymptotic stability by constructing a proper Lyapunov function.
Burton [10] considered the following delay equation

(1.2) g+ f(t,z, &)+ b(t)g(x(t—L))=0,

where L is a positive constant. By using the fixed point theory, he gave sufficient
conditions for each solution z (t) to satisfy (z (t), (t)) — 0. D. Pi [16, 18] studied
the asymptotic stability of two following equations with delays

(1.3) g+ f(tz, )t +bdt)g(x(t—r(t)) =0,

N t
1.4 x t,x,T)x a;j(t,s)gj(s,z(s))ds =0.
(1.4 I )+;/tw> (t,5)g; (5. ()

Many other interesting results on fixed points and stability properties can be found
in the references therein. In this paper, we consider the equation

N ot
:'é—i—f(t,x,gb)dc—i—Z/ a;(t,s)g; (s,x(s))ds
j=1 t—7;(t)

N

(L5) +3 b0 (-7 (1) =0,

j=1

for t > 0, where functions 7; : Rt — R, a;(-,) : RT x [-7;(0),00) — R,
Rt xRxR—R" b : RT — R and g; (+,-) : [-7;(0),00) x RT — R are
all continuous functions.

The use of ordinary and partial differential equations to model physical or bi-
ological systems and processes has a long history, dating to Lotka and Volterra.
The main motivation of time delay is due to the fact that all processes take time
delays to complete. The delays can represent gestation times, incubation periods,
or transport delays. In many cases time delays can be substantial such as gestation
and maturation or can represent little lags such as acceleration and deceleration in
physical processes. A simple example in nature is reforestation. A cut of forest,
after replanting, will take at least 20 years before reaching any kind of maturity. For
certain species of trees (redwoods for example) it would be much longer. Hence,
any mathematical model of forest harvesting and regeneration clearly must have
time delays built into it. Therefore, it become natural to include time delay terms
into the differential equations that model population dynamics. The models that
incorporate such delay times are referred as delay differential equation models.
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Equation (1.5) is obviously nonlinear. This is due to the presence of the terms
f(t,z, &) & and g; (s, (s)) and the fact that the functions f and g, are arbitraries
non necessarily linears. Further, (1.5) is of time delay type. That is, notice that in
(1.5) if we let t = 0 one can obtain

Z(0)+ f(0,2(0),% —I—Z/ a;(0,s)g; (s,z(s))ds

75 (0)
N

+3 b (0)2' (1 (0)) = 0.

j=1

Thus, (1.5) requires an initial function condition defined on at least on [—7; (0),0].
Then we must ask that the solution « (t) of (1.5) depends on a delay function and
is such that z (t) = ¢ (¢), t € [-7;(0),0]. If we do not stipulate that ¢ — 7 (¢)
is bounded below, then we must ask that ¢ : (—00,0] — R so that z (t) = ¢ (t),
t € (—00,0]. Then we solve (1.5) for ¢ > 0 with a the infinite delay function 7; (-)
which is arbitrary continuous function non necessarily constant.

We assume that

(1.6) i (t) # 1 for all t > 0,
and
(1.7) t—7j(t) — oc0ast—r o0, j=1,N.

For each ¢y > 0, define m; (t9) =: inf {s — 7; (s) : s > to}, j = 1, N and let m (to) =
min{m; (o), j = 1, N}. Let C (to) := C ([m (o) ,to],R) be the space of continuous
functions endowed with function supremum norm ||-||, that is, for ¢ € C (¢), ||| :=
sup {|[¢ (s)] : m (to) < s <to}. Wewill also use ||¢|| :=sup {|¢ (s)| : s € [m (to),0)}
to express the supremum of continuous bounded functions on [m (t) , 00) later. It
is well known (see [13]) that, for a given continuous function ¢ and a number yo,
there exists a solution for equation (1.5) on an interval [m (tg),T), and if the so-
lution remains bounded, then T = co. We denote by (z (¢),y(¢)) the solution
(z (tv to, %),y (t, o, Yo))-
Denote by A(t) := f ((¢, z(t),y(t)). We can rewrite equation (1.5) as

(0 = =490 = £ I 050890 s, 3) s

(1.8)
N
- 5 w0 (e =7y (1),
with
(1.9) wj (1) = )
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Our purpose is to give a necessary and sufficient condition ensuring that the zero
solution of this equation is asymptotically stable. To our knowledge, there are few
results about its stability and the studied equation has not been yet considered.

2. Preliminaries

Suppose that f is a real or complex-valued function of the variable t > 0 and p is a
real or a complex parameter such that Re(p) > 0. We define the Laplace transform
(see [19], [12]) of f as

(2.1) F) =20 O)gy = [ e

We also indicate the Laplace transform (2.1) of power function ¢ is given by
© _ F(y+1)

(22) £(t’¥)(p) = /0 € ptt’ydt = pVT, v > —1, p> O,

with Gamma function T" (z) is defined by the integral

* —tyz—1 z—1
(2.3) F(z):/o et =2 (7)),

which converges in the right half of the complex plane Re(z) > 0. Now, let —oco <
a < B < +o00, ¢: o, 8] = R and define for A € R the integral

(2.4) F(\) = / ’ e MW f (1) dt.

We assume that there exists a constant Ay > 0 such that for every A > A\g we have,

B
(2.5) / e MO f (1) dt < .

The following theorem is crucial to reach our goal.

Theorem 2.1. Let ¢ : [a, B[ — R be a function such that ¢ is of class Ct, ¢’ >0
on [o, B[. Assume that f is function continuous at o and f (a) # 0. Then,

(2.6) F(\)~ f,((‘;)) iew’(a) (A — +00).

®
Proof. (a) To begin with, ¢ (t) =t, a = 0;

(2.7) F()\) = /5 e MF(t)dt.

0

We check that F'(\) satisfies the property (2.6). Indeed, since f is continuous at
a = 0, then for any given € > 0, one can choose 7 sufficiently small, such that

(2.8) lf @) —F0)]<e for0<t <.
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Next, we decompose F' (A) in the following manner

n n B
(2.9) F()) _f(())/o e’\tdt+/0 e M (f (t)—f(O))dH—/ e MF (t)dt.

From (2.9) we can establish the following estimates

" — At _ l —67)\77
(2.10) /Oe dt = A(1 ),
(2.11) /Oe"\t(f(t)—f(o))dt < 6/0 e_’\tdt:;

For t > n we have (A — Ao) (¢t — 1) > 0. Consequently,

B B
(2.12) / e N () dt < em"AA0) / e Mt (t) dt.
n n

(b) Let us return to the general case. For this purpose, consider the function
(213) g[aaﬂ[_)[oaﬂo[a t’—>g(t) :@(t)_@(a)v

where By = ¢ () — ¢ («). We observe that g is bijective on [a, f[. Denote the
reciprocal function of g by

(214) w[ovﬂO[—)[avﬂ[a u'—>¢(u)

The change of variables ¢t = ¢ (u) yields the integral formula

Bo
(2.15) F ) =@ [ ) ¢! () du
0
We see that
@ Lo L
(2.16) = () = p @) () = Land o (0) = —
Define
(2.17) Fu) = 1 () o' (u).

(2.18) F(0) = £ ) (0) = L)
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Repeated application of (a) yields

F(\) = e @7 (0) / TNy 4 e Aol / " e (f(u)— f(())) du

0 0

B -
e (@) / e M (u) du
n

1 €
< —dp(a) (a) — (1= —An S —dp(a)
< e o (a) h ( e ) + )\e
Bo 5
(2.19) +e™ 2@ gmn(A=20) / e~ f (u) du.

n
(]

Stability definitions, fixed point technique and more details on delay differential
equations can be found in ([13, 7]).

Definition 2.1. The zero solution of (1.8) is stable if for each ¢ > 0 there ex-
ists § = d(e,tp) > 0 such that [¢p € C(to),yo € R, |[¢]| + |yo| < 6] implies that
|z (t,to, V)| + |y (¢, to, yo)| < & for ¢t > to.

Definition 2.2. The zero solution of (1.8) is asymptotically stable if it is stable
and there is a 61 = 81 (to) > 0 such that [t € C (to),yo € R, ||| + |yo| < d1] implies
that |z (¢, t0,¥)| + |y (¢, to, yo)| — 0 as t — occ.

3. Main Results

In this section, we will prove Theorem 3.1 and Theorem 3.2 on stability and asymp-
totic stability respectively, for equation (1.5) by using the fixed point theory. But
our equation is nonlinear and has no non trivial edo term so the inversion of that
equation needs some preparations. Lemma 3.1 and Lemma 3.2 are the subject of
these preparations. We use the variation of parameter and then transform the given
equation and in Lemmad3.3 we invert it and give the expression of the solutions. The
proof of these theorems depends on Theorem 2.1.

Lemma 3.1. Applying the variation of parameters formula to the second equation
of (1.8), we get

N

t s
z(t) = B() - Z/ e fstA(“)d“/ a;(s,v)g; (v,z (v)) dvds
j=1 to s—75(s)

Nt d
(3.1) - Z/t e I A(“)d“wj(s)ga: (s — 7 (s))ds,

j=1"to
where

(3.2) B(t) := @ (to)e 1o AW,
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Proof. Indeed, multiplying both sides of the second equation of (1.5) by the factor

t
elio AW a1q integrating from ¢y to any t € [tg, T'], we obtain

y(t) = y(to)e_fti) A(v)dv Z/ e AW v/ ()aj(s,v)gj (v, z (v)) dvds

N t
(3.3) - Z/ e e A(”)d”wj(s)dix (s —7;(s))ds.
=17t 5
Substituting #(-) into (3.3), we get
z(t) = x(to)e Jrg Alw)dw
t . N s
—/ e~ [ Aw)dv Z/ a;(s,v)g; (v,z (v))dvds
to j=17s 75 (8)
b al d
(3.4) — /t0 e~ Jo Alw)dv jzzle (S)EI (s — 7 (s))ds.

Making use of (3.2), we see that this last equation gives (3.1). O

Lemma 3.2. The equation

(3.5) o)== / a2y (2 () s

s equivalent to

(3.6) (.t =75 () (1 = i(t)g; (t — 75 (1), x(t — 75(1)))

N
Z di/t “ Cj(t,s)gj (s,2(s)) ds
W

£l

where
s t—T; (t)
(3.7) (%@s%:/(%mﬁyMamH%@j—wﬂﬂ%:/ a;(u, t — 73(8))du.
t t

Proof. Differentiating the integral term in (3.5), we have

% st Cj(t,s)gj (s,x(s))ds
- / QQ()%<<W%+Cﬁﬁ%mam
t—r;(t)

—Cj(t,t =75 ()1 = 75(1)g; (¢ — 75(1), x(t — 75(1))) -
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oC;(t
It follows that if C;(¢,t) =0, % = —a;(t, s), then (3.5) is equivalent to (3.6).

The calculation shows that the previous conditions on Cj yields

s t—T;(t)
(3.8) Cj(t,s) = /t a;(u, s)du and C;(t,t — 7;(t)) = /t a;(u,t — 7;(t))du.
o

Lemma 3.3. Let h; : [m;(ty), o0) — R, j = 1,...,N be arbitrary continuous
functions. Suppose that condition (1.6) is fulfilled and 7; (-) is twice differentiable
forall j = 1,..,N. If x(t) is a solution of equation (1.8) and hence solution of
(1.5) on an interval [to, T') satisfying the initial condition z(t) = ¥(t) on [m(to), to]
and y(to) = &(to), then x (t) is the solution of the following integral equation

x (t)

N to .
= |z (to) - Z/ (to) hj(v)x(v)dv| e Jug H®)dv
to—7j(to

j=1

to—T; (to)

N to
+ | (to) + Z (wj(to)x (to — 75 (to)) — / Cj(to,v)g; (v, 2 (v)) dv)

¢ "t w N +
to =),

) hj (v) z (v) dv

-7t
N t u
— Z / e H©)dv Fr (4,) / hj (v) z (v) dvdu
j=1"to u—7;(u)
N t
+ Z/t e~ Ju H(v)dv [(1 =7} (u) by (u—7j (u))
j=1 7t
_%] x(u— 7 (u)) du
N t u
+ Z/ e Ju Hw)dv / Ci(u,v)g; (v,z (v)) dvdu
j=1 to u—T7;(u)
N t u s
- Z / e i H@)dv / A(s)e™ J Aw)dv / Cj(s,v)g; (v,z (v)) dvdsdu
j=1 to to s—T5(s)
N t u
+> / e~ futi / e AR5, 5 — () (1 — 7)(5)
=1t to
xg; (s — (), z(s — 7;(s))) dsdu
N

¢ ot w w
(39) + Z/ e Ju H(v)dv/ e~ fs A(v)dv’f'j (8) x (S — (S)) dsdu,
to

j=1 to
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on [to,T), where 7 (-) and H are respectively given by

(3.10) 75 (1) = [(b;()A®) + () (1 =7, (1)) + by ()7 (1)] / (1 =7} (1),

N
(3.11) H ()= h(t),

<.
=

fort € [m(to),00) and m(ty) := 1§1§l§mej (to)-

Conversely, if a continuous function x (-) is equal to ¥ (-) for t € [m(to),to]
and is the solution of above integral equation on an interval [to, T1], then x (-) is a
solution of (1.8) on [to,T1].

Proof. By Lemma (3.2), equation (3.1) can be written as
a(t)
N

t . d s
= B(t)+ Z/t e Js A(v)dv@/ " Cj(s7v)gj (v, z (v)) dvds

J=1

N
+Z; /to o= J1 Aw)dv (Cj(s,5 —7j(s))(1=7}(5))gs (s—5(s), 2(s — 75(s)))] ds

N

(3.12) — Z/ e I A(”)dej(s)di;x (s — 7 (s))ds.

j=1"to

t
Multiplying both sides of the above equation by el HO 3ng integrating with
respect to u from ¢y to ¢, we obtain

t t ot
o) = z(to)e S H@w)do +/ Blu)e JEH@)v gy,
to
N t ; d u
+ Z / e~ Jut(w)dv — / hj (v) z (v) dvdu
=1t du oy ()
N t .
+> / e JuHWIv (1 — 2l ) hyj(u — 75 (w)z (u — 75 (u)) du
j=17%
N t . u d s
+ Z/ e~ JuH®)dv / e~ AW 2 / Cj(s,v)g; (v,z (v)) dvdsdu
j:1 to to dS S§—Tj (S)

N t u
30 [t [Fe A s — )1 - 7(5)
j=17t

to

xg; (s — 15(s),z(s — 75(s))) dsdu
N

¢ t “ u d
- Z/ e u H(”)d”/ e /e A(”)d”wj(s)gx (s — 75 (s)) dsdu.
to

j=1 to
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Performing an integration by parts and using definitions (1.9) and (3.2), we obtain

x (t)
N

— et Z/ ) (0) do | ¢ o HOI
t() Tj t()

N to
& (to) + Y (wj(tO)!E (to — 75 (to)) — / Cj(to,v)gj (v, z (v)) dU)
j=1 t

0—j(to)

t
to
N

+Z / z(v)dv =Y /:efjHWvH(u) /u uw) h; (v) z (v) dvdu

j=1"1

+Z/ e Ju H@) Ul(l—q—(u))hj(u—Tj(u))—%]x(u—Tj(U))du
e~ Ju Hw)dv (u,v)g; (v, 2 (v)) dvdu
+Z/ H AUMQMMA,UMd

—Z/ e H(”)dv/ A(s)effsuA(”)d”/ Cj(s,v)g; (v,z (v)) dvdsdu
j=1"to to s—1j(s)

N t u
+Z/ e H(“)d”/ e S AW C (s 5 —1i(s))(1 —7i(s))
j=1 to to
xgj (s = 7j(s), 2(s — 7;(s))) dsdu
N t u
+ Z/ e~ Ju H@)dv / e~ [ AL () 4 (s — 15 (5)) dsdu,
j=1 to to

where r; (t) is defined in (3.10). This leads exactly to (3.9).

Conversely, suppose that a continuous function z (-) is equal to ¢ () on [m (to) , to]
and satisfies (3.9) on an interval [to,T1). Then it is twice differentiable on [tg,T7).
Differentiating (3.9) with the aid of Leibniz’s rule, we obtain (1.5). O

Next, we will define a mapping directly from (3.9). Remember that, by Lemma
3.3 a fixed point of that map will be a solution of equation (1.5). To obtain stability
of the zero solution of (1.5), we need the mapping defined by (3.9) to map bounded
functions into bounded functions. For that, we let (C, ||-||) to be the Banach space of
real-valued bounded continuous functions on [m(tp), c0) with the supremum norm
[I]l, that is for ¢ € C

el = sup {le ()], t € [m (to) ,00)} .
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Our investigations will be carried out on the complete metric space (C, p), where p
is the uniform metric. That is, for ¢, ¢ € C we set p (p, @) = |l¢ — &]| .

Let ¢ € C([m(to), to],R) be fixed and define
Sy = {p:[m(to),00) = R [ eC, p(t) =1(t) for t € [m(to),to]}.
Being closed in C, (Sy,p) is itself complete. There is no confusion if we use the
norm ||-|| on [m(to),to] or on [m(ty), 00).
Below we want to force the mapping suggested by (3.9) and explicitly defined in

the next lemma to map Sy, into itself. For that reason we assume that the followings
conditions hold.

i
t—o00

t
(3.13) 1iminf/ H(s)ds > —o0.
to

ii. There exists some functions R; (-) € C (R,R") such that, for z1, z2 € R

(314) |gJ (t,fbl)—gj (t,$2)| < Rj (t) |{E1— $2|,j:1,...,N for allteR,
(3.15) g;(t,0) = 0,j=1,..,N forteR".

ii. For t > tg, there is a constant a > 0 satisfying

N t N t u
S [ s> [ e IOm )] [y )] dud
=1 t—7;(t) =1 to u—T7;(u)
z ! — [ H(v)dv / bj (u)
+; ek (1 — i (u))hy (u— 75 (u)) — =70 du
N t o+ u
+> / e~ JuH®)dv / |Cj(u,v)| Ry (v) dvdu
j=1 to u—T7;(u)
N t . u S
+ Z/ e~ Jutdv [ A(g)e= [ Alv)dv / |C;(s,v)| Rj (v) dvdsdu
j=1 to to Sij(S)
N t . u
+D | el / eI AW Cy(s, 5 — 7y(s)) (1 7)(5))]
j=17%0 to

XR; (s —7;(s)) dsdu

t u
+Z/ e_ﬁH(”)d”/ e IS A 1 (6)| dsdu
j:]. to to
(3.16) < a.

iii. There exist constants ag > 0, v > 0, Q¢ > 0 and a continuous function
Ay € C(RT,RT) such that, for t > ¢

(3.17) f(t,x,y) > A (t) >0 for all z,y € R,
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and for each t > u > Q¢ we have

t u
(3.18) H (v)dv + / Ap (v)dv > apgu” +b, beR.

to

ii. There exists a constant § > 0 that satisfies the following inequality for ¢ > ¢
(3 19)

Z f Z/ IAU)du(/S.()|“J'(Sv“)|Rj(v)dv+|Tj(5)|>dséﬂ-

Lemma 3.4. Define the mapping P on Sy as follows, for ¢ € Sy,
(Pe)(t) = () if t € [m(to), to],

while for t >ty

N to

Z / hj (1)) (0 ('U) d’U] e ftto H(v)dv
to—7;(to)

j=1

(Pp) (t) = [1/) (to) —

(o) +Z<1_T o) ¥ (to — 75 (to))

_/t_ ” )Cﬂtow)gj (v,w(v))dvﬂ

¢ N oot
x/ o= L H@)dv = [ AW)dv g, Z/ hj (v) ¢ (v) dv
to =1 t—7;(t)
N t " u
- Z / e~ Ju Hdv Fry) / hj (v) ¢ (v) dvdu
j=1 to uiT]( )
N t _ft H(v)dv ’ L b](u) d
+Z e (1=7j(u)h; (u—=; (u)) — T (w) o (u =75 (u)) du
N t . u
3 [t [ Gy v)g; (0, (0) duda
j=1 to udrj(u)

N t u s
—Z/ e~ Ju H(v)dv / A(s)e= I A(v)d”/ Cji(s,v)g; (v, (v)) dvdsdu
j=1 to to s—T;(s

—7i(s)
N

t u
30 [t [T A gy(s, s - ry(s) (1 - 7i(5)

=1 t to

xg;j (s — 1;(s), 2(s — 7j(s))) dsdu
N

¢ ot w w
(320) +Z/ e~ fu H(v)dv/ e~ fs A(v)dv’f'j (S)(p(S — 7 (S)) dsdu,

j=1 to to
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where 1; (-) is the expression (8.10). Suppose that the conditions (3.13), (3.14),
(3.15)), (3.16), (3.17) and (3.18) hold true. Then P : Sy — Sy.

Proof. First, due to condition (3.13) one can define

(3.21) M = sup {e_ Jio H(U)dv} .

t>to

Obviously, if ¢ is continuous then Py and agrees with ¢ on [m(to),to] due to the
definition of P. For t > tg, note that from (3.13), (3.16), (3.14) and (3.15) it follows

Pe® = Il 1+Z/ oldo| M

to—T; t()

. (| _bilto) '
% ()| + W”; ( Tj’o(to) +/t0—‘rj(to) |Cj(to, v)| R; (1) dv)

t
></ e JiHWdv g™ Jig AWM gy 4oyl
to

To prove that P : Sy, — Sy it is necessary to show that the term
¢
to

is bounded. To do that, remember that 3.17 implies that A(¢t) > A;(¢t) > 0 for

t > tg, so

K tH(v)do — [ A(v)dv K tH(v)do — [ Ai1(v)dv
/ e~ Ju HWdv e Ly du </ e~ Ju H@Wdv = iy At du.
t() tO
We decompose the last integral term in the following manner

t J
/ e~ It H(v)dve— f,::) A1(’U)d’udu _ / e It H('u)d'ue— f;; A1(v)dvdu

to to

¢
(322) +/ e~ L’;‘ H(v)dve* f;;) Al(v)dvdu,

J
for some J > (. The first term on the right hand side of (3.22) is obviously

bounded. For the second term on the right hand side of (3.22), we use (3.18) to
have

t - t .,
(3.23) / e~ Ju HW)dv o= Jig Av)dv g, < e_b/ e~ 2% dy.
J J
Now, we define

(3.24) F(J):= /]Oo e” 0% duy,
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Performing the change of variables u = 9%, we obtain

(325)  F()=+ / ew00p 19 < 1 / ooyt —1gg — T/,
Y Jar Y Jo ,yaé/'}’

Then F (J) is bounded for v > 0. Consequently, |Py ()] < 400 and thus Py €
Sy. O

Basing on Lemma (3.3) and Lemma (3.4) we built an existence and uniqueness
result. Under the conditions of the next theorem, we prove that for a given con-
tinuous function % : [m(to),to] — R there exists a unique continuous function z
which is solution of (1.5) on [m(tg), c0) and coincides with ¢ on [m(tg), to]. We also
prove that the zero solution of (1.5) have the property of Definition 2.1.

Theorem 3.1. Suppose the condition (3.19) and all hypotheses of Lemma (3.4)
hold with o € (0,1) in (3.16). Then, for each initial continuous function 9 :
[m(to),to] — R, there is a unique continuous function with x(t) = ¥ (t) on [m(to), to]
that satisfies (1.5) on [tg,00). Moreover, x (-) is bounded on [m(tg),o0). Further-
more, the zero solution of (1.5) is stable at t = ty.

Proof. Consider Sy, the space defined by the initial continuous function ¢ : [m(to), to] —
R. By Lemma 3.4 we know that P : Sy, — Sy. In fact, P is a contraction with
constant o < 1 too. To see this, let p, ¢ € S,. Making use of condition (3.16) we
obtain

I1Pe — P
N ot N ot u
< Z/ |h; (v)] dv + Z/ e Ju H@dv | ()] |h; (v)| dvdu
=1 t—7;(t) =1 to u—Tj(u)
ot bj(u)
H(v)dv ! J
+;/t0€ Ju (v) (1—Tj(u))hj(u—7j(u))—1_T]{(u) du
N t u
+ Z / e Ju Hw)dv / |C; (u,v)| Rj (v) dvdu
=1 to u—T7;(u)
N t u s
+ Z/ e Ju H(w)dv / A(s)e™ I Aw)dv / |C;(s,v)| R; (v) dvdsdu
=17t to s=7;(s)
N t u
430 [t [F o a0y s sy (9)(1 - 7 (5)
=1/t to

X R; (s — 1j(s)) dsdu

N t w
s / ot H)d / e~ JSADW s (s) dsdu | [l — ¢
j=1""t0

to

< ale—9l,
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for ¢ > to. Trivially, this inequality also holds on [m(tp),to]. Therefore, P is a
contraction mapping on the complete metric space (Sy, p) since we have supposed
a < 1. By the contraction mapping principle, P possesses a unique fixed point x
in Sy which is bounded continuous function. Due to Lemma, 3.3, this is a solution
of (1.8) and hence a solution of (1.5) on [m(to),00). It follows that z is the only
bounded function satisfying (1.5) on [m(ty), o) and the initial function.

It remains to show that the zero solution of (1.5) is stable. Toward this, let first

t
(326) L= sup / e fi H(v)dve— fto Al(”)dvdu-
to

t>to

Let € > 0 be given. Choose |£(to)| and ¢ : [m (to),to] — R satisfying ||| < ¢
(6 < ¢), with J such that

N to

5 1+Z/t |h; (v)|dv| M

j=1 Y to—;(to)

N b(to) to
+ I3 (to) + 6> | |—1— +/ Cj(to,v)| R (t)dv || L
| (t0)] j_1<1—Tj(to) tO_Tj(tO)I i (to, v)| B; (t) )

(3.27) <

(1-a)e.
If (2 (), y (
ol-

t)) is a solution of (1.8) with y = & on [tg,00) and, y (to) = & (to) then,
x (-) = (Px) (-) defined in (3.20). Notice that with such a d, |z (s)| = |¢ (s)] < € on
[m (to) ,to]. We claim that |z (t)| < € for all ¢ > ¢o. If = is a solution with initial
function ¢ then, as consequence of (3.20), we have

j (t)]
< 5+5Z/ v)|dv| M

to— TJ(tO)
@ (¢ )|+52Nj i)l 5 [\ Catto, )| By (o) dv| L
0 T T (Lo, j
i= ‘1—7}/‘ (to)’ to—7;(to) ! !
+ea
(328) < (1—-a)etea<e.
Now, recalling (3.1) of Lemma 3.1, we have
i(t) = ji(to)e_f:oA(”)d”
N t . s
- / e s Al / a;(s,v)g; (v, (v)) duds
j=1 to s—1;(s)

N

t
— [t A(w)dv d
—Z/ e Jo A wj(s)E:v (s — 15 (s))ds.

j=1"1
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Integrating the last term on right hand side by parts we obtain

N
i) = e JuAWW ) + Z — @ (to — 7 (o))

J=1

N
—EjT%gawu—n@»
j=1

J
N

_|_/ o= S A(v)dv Z <7~j(s)x (s —15(s)) — /i - a;(s,v)g; (v, (v)) dv) ds.

to =1

By conditions (3.27) and (3.19) we get the estimation

B0 <l +5z z[ L

t s
+/e-ﬁMW“<mwn+/ |%@wn&«»w>@]
t() S_Tj (S)

< %-FEBSE(%‘Fﬁ)-

Therefore, the zero solution is stable at t = to. O

Theorem 3.2. Under the hypotheses of Theoremd3.1 the zero solution of (1.5) is
asymptotically stable if and only if

t

(3.29) H(s)ds — o0, ast — .
to

Proof. First, suppose that (3.29) holds. We wish the solutions of (1.5) to tend to
zero whenever condition (3.29) holds. For this, we will modify Sy, in order to receipt
functions that tends to zero as ¢ — oco. So, we let

5’3, : ={p€[m(ty),0) > R|peC,
o(t) = () for t € [m(to),to] and p(t) — 0 as t — oo} .

Since SSJ is closed in Sy and (Sy,p) is complete, then the metric space (Sl?},p

is also complete. We begin by proving that Py (t) — 0 as t — oo for ¢ € 5’8,.
To this end, denote the nine terms on the right hand side of (3.20) by I,ls,...,1o,
respectively and let ¢ € Sy be fixed. Since fo s)ds — oo, as t — oo, by
condition (3.29), we see obv10usly that the first term I of (3. 20) tends to zero as
t — oo. For a given € > 0, choose Ty > 0 large enough so that t — 7; (t) > Tp for
j =1,N implies |¢ (s)| < € if s > t — 7; (t). Therefore, the third term I3 in (3.20)
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satisfies

L] < Z/t )1k ( |dv<aZ/ o)l dv

< ae<e.

Thus, Is — 0 as ¢ — oco. We check that I, — 0 as ¢ — oo. So we have to
prove that the two right hand side terms of the decomposition expression (3.22) go
to zero at infinity. But the first term of that decomposition is as

J . . J “
/ e~ fi H(v)dve* Jfo Al(”)dvdu — e~ J; H(v)dv / e~ fJ H(v)dve* fto Al(v)dvd’u,

t() t()

which tends to 0 as t — oo by condition (3.29). Nevertheless, the second term of
on the right had side of (3.22) needs some more details for its convergence to zero.
To overcome the difficulties, remember that from (3.18) we have obtained (3.24).
Upon replacing of w by J6 in (3.24) we get

(3.30) F()=J / e~ (@007 g9,
1
The function G (A) == [~ e~ df satisfies the conditions of Theorem 2.1 where

(331) A=agJ?, a=1, p@) =07, f=1 ¢ (a)=7"" =~ f(a)=1.

It follows that

1 11
(3.32) G(\) ~ Z/((i))XeMa) ;—e”, (A — +00).
Thus we can write
1
3.33 F(J)~—J" e %" (] — +00).
Yya
0

It is enough to make z = apJ” and a straightforward computation gives

1 1 1
(3.34) —J el = T 27 lem7 < T zMe™? — 0 as z — o0.
Yao Yay v Yay v

where m := [1/v] + 1. Thus, for every ¢ > 0 we can find a J* > @ large enough
such that for every J > J*

e~ b

(3.35) —— J1rem w0l <,

Yao
Clearly, the expansion (3.22) is valid if J is replaced by J*. So, the last term tends
towards zero when ¢ — oco. Hence the second term I in (3.20) tends to zero as
t — 0o. Now consider I = |I4| + ... + |Ig|. To simplify our expressions, we define
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[ U@ i) By )

J

<
=
Il

« 1M

bj(u)

=177 (u)

+Z/ e AW |0 (5 (8))(1 = 7/(5))| R (s — 75(s)) ds

(3.36) +Z/ e I AUW( ()/ ()|cj(s,u)|Rj (v) dv + |r; (s)|> ds.

+ (1—7’( w)hj (u =7 (u)) =

So, for the given € > 0, there exists a T* > ¢ such that s > T implies |p(s — 75 (s))| <
e for j =1, N. It is clear that |p(s)| < € ( because s > s —17; (s), j =1, N ). Thus,
for t > T*, by making use conditions (3.14) and (3.15) the term I satisﬁes

t
I < Z/ |dv—|—€/ V(u)eiﬁH(v)dvdu
t *

*

+osup (O] [ V(w)e fufl®dvgy

¢=m(to)

-
(3.37) < 2ae+ sup |<p(<)|/ V (u)e” Ju H@dvgy,
¢=m(to)

Also, the conditions (3.29) implies that, there exists T** > T™* such that for t > T**
we have

t ok
(3.38) e~ Jres HW)dv g, lo (Q)] V(u)e™ S HEd gy < ¢
¢=m(to) T*

So, I — 0 as t — oo and consequently, (Py) (t) — 0 as t — oo. Thus, P
maps Sy, into itself. Also, P is still a contraction on S}, with a unique fixed point
2. By Lemma 3.3, z is a solution of (1.5) on [tg, 00). We conclude that « (t) is the
only continuous solution of (1.5) agreeing with the initial function ¢. As z € SY,
x(t) = 0 as t = oco. Therefore, the zero solution is asymptotically stable, since it
is stable by Theorem 3.1 and we have just concluded that |z (¢)| + |y (£)] — 0 as
t — oo if condition (3.29) holds.

Conversely, we shall prove that ft:o H(v)dv = oo. Contrary to this, there exists

a sequence {t,}, -, with ¢, — co as n — oo and such that LZ” H(v)dv =1 for a
certain finite number [ € RT. By condition (3.13), we may also choose p > 0 that
satisfies the inequality, —pu < ft v)dv < p, for all n > 1. For convenience of
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notation we set
o (_lbs(to)] "
Coi= 3 (st o o= my )]+ [ [Cslta,o) By (o) ()] do ).
=1 ’ T (to)’ to—7;(to)
Recalling (3.36), we define the function W () by
W (u) = V (u) + Coe Jo A%,
By conditions (3.16), (3.17) and (3.18), we have

tn n
(3.39) / eSS HO® Y () du < (0 + CoL).

to

This yields

" tn
(3.40) e g HV)d / et TP W () du < (o + CyL).
to
Then,
t’Vl u
(3.41) / o TV (4) du < (o + CoL) e
to
The inequality (3.41) leads to the fact that the sequence
t’Vl u
(3.42) / el HW1dvyy, (u) du,
to
is bounded, so there exists a convergent subsequence. For brevity, we assume that
tn
(3.43) lim elo HOAvy7 (1) du = o > 0.
t— 00 0

Then, we can choose a positive integer ng large enough such that

v u v)dv 0,
(3.44) /t elo By (1) du < 8—;4,

no

for n > ng, where € > dg > 0 satisfies

no—Ti(tn

Nt
|1/)(tno)|+502/t ’ )|hj(v)|dv M

N
. b (tno )|
+ | 12 (tno)] + 9 —_—
Z 1= 7% (tno)]

tno
+5Q/ |C (tny,v)| Ry (v) dv) L

tn() —Tj tn()

(3.45) < (1-a).
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Now, we consider the solution x (t) = x (¢, 1), & (tn,)) of equation (1.5), for the initial
values ¢ and % (t,,) such that

300 . _ %
w(tno) - T? x(tno)_ 4
(3.46) [ ()| +1(s)] < do, 5 <tn,.

We may choose 1 such that

(3.47) tny) Z/t )w()dv>%

ng —Tj tno

By a similar argument as in (3.28) and by replacing € by 1, this implies that |z ()| <
1. Having in mind the fact that z is a fixed point of P, we have, for n > ng

N tn

x(tn) — Z/t hj (v)z (v) dv

j=1 n—T;j(tn)

tn v)dv tn
> o~ Jimy H@)d o) Z/ 0 () (v) do
tng =T tno
t u
+;t(tn0)/ — L H@)do g™ i, AW g,
t"O
tn .
- / e~ Ju" HOdvyy () dy
tno
tn tn i
> e “tno (U)dvao —/ e Ju H(”)dvW(u)du
4 Jy
no
>

tn tn [2%
o i H@)dv [%0 o Jo HE@)d / efouH(U)d”W(u)du]

tng

8
(3.48) > goe*% > 0.

On the other hand, if the zero solution is asymptotically stable, then xz (t) =
x (t, 1, &(tn,)) — 0, as t —> oo. It remains only to check that the term

Z/ e hj (v)z (v) dv

decays to zero at infinity to obtain the contradiction. By the mean value theorem
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and condition (3.16), we have

Z/ . x (v)dv

N tn
sl [ @
=1 tn—T;(tn)

(3.49) < alz(m,)] < |z (ne,)] -
Since t,, and t,, — 75 (t,) — 00 as n — oo, then also 1, — oco. It follows that
tn
tng}nm Z/ . hj (v)z (v)dv | =0.

Which leads to a contradiction. This completes the proof of our claim. O
In this section, we will give an example to apply our results

Example 3.1. Consider the following nonlinear delay integro-differential equation with
variable delay

2 t

(3.50) éb+f(t,x,j:)i7+2/ a;(t,s)g; ds+Zb "(t—1 (1) =0,
j=1 tf‘rj(t)
fort > 0. Welet A(t) = f (t,x (1), (1)) = ~—0cos (@(B)z ( ) 4 otanht, g1 (2 (1) =
5(t+1)5
0.2tsinz (t), g2 (t,z (1)) = 0.4tcosz (t), a1 (t,s) = a2 (t,s) := e 3+ 7 (1) = 0.5,
(t) = 0.5t and by () 1= Aod2L_ 44y = oA e 0 < (At o) < 1/7
T2 := 0.5t an 1 = A S = 00'25252_’_1 where o) < .

Then the zero solution of (3.50) is asymptotically stable.

Proof. We prove that all the hypotheses of Theorem (3.2) hold for equation (3.50).
Observe that the conditions (3.14), (3.15) and (3.17) are satisfied, with R;(t) =

0.5
Ry(t) := t and A; (t) := —————— + 2tanht, for t > 0. Now, choose hy (t) :=
5(t+1)°
)\t+1 ho (t) == 1 Clearly, the conditions (3.13) and (3.29) hold. Furthe
prphe®) =0 rly, nditions (3. nd (3. . Further-

more, for t > u > 0 we have

t u u U
/ H (v)dv —|—/ A (t)ydv > / Aq () dv > ()_5/ %dv
u 0 0 0 5(v+1)°

(3:51) > cut-g

Consequently, condition (3.18) is satisfied with ag = 1/8, by = —1/8 and v = 4/5.
Remains to prove that the condition (3.16) is also satisfied. There are seven

terms on the left hand side of (3.16). By integration we see that,

H (v) dv /O |h1(v)|dv+/05t|h2(v)|dv:()\+g)/ RS

0.5t 5t o5t 2 +1
(3.52) < (A +0)0.84.
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Since H(t) > 0 for ¢ > 0, then making use of (3.52) we can derive the estimation

t u
/ e Lm0 (u)| |1 (v)] dvdu
0

u—71(u)
u t
< (Sup / |h1 (v)|dv) / e Lo B | 1 ()| dvdu
u>0J0.5u 0
(3.53) < (A+0)0.84.

The expression of the third term of (3.16) provides the following

o bu(u)
— [ H(v)dv 11—+ h o . 1 d
e (1= @) (u = 72 () = s
t
_ / o ¢ Oy [N025u £ 0.5 X025u |
0 0.25u2 +1 0.25u2 +1
11 1 m
3.54 = 0.5\ —— ———du = darctan -t < A—.
(3:54) /0 0.25u2 4400~ A= A5
and
‘o bau)
—fu H(v)dv 1— / h _ _ 2 d
e (1= 74 (0= 72 (1) = 72 s

t
= 0.50/ L;du:Uarctanltgaz.
0 0.25u%+4+4 2 2

For the fourth term of (3.16) we observe that

Cr(w,0)] = /al(w,v)dw‘— 6‘3”/ e_3wdw‘
A,
(3.55) — g‘e 3 (e 3 —e 3 )|'
But,
(e —e™¥) 20, for0< v <.
So,

t U
/ e H(”)d”/ |Cy (u, v)| Ry (v) dvdu
0 u

—71(u)

t u
/ / |C1(u,v)| |R1 (v)| dvdu
0 0.5u

1 t u
< 0.2—/ / (7% — e 3) vdudu := N (1)
3Jo Josu

(3.56) < 0.00026

IN

A
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This is because, the function N (-) is a strictly positive and increasing on [0, 00)
satisfying N (¢) — 0.00027 as t — oco. and

A

t u t u
/ e~ Ju H(v)dv / |Cy(u, v)| Ry (v) dvdu < / / |C2(u, v)| | Rz (v)] dvdu
0 u 0 J0.5u

—71(u)

IN

0.00052.

To estimate the fifth term of (3.16), note that

1
A(t) € ——— +2tanht < 2.3,
5(t+1)

S

and
u u w( sinh cosh? s
o= Ji Aw)dy <e S Ar(v)dv < o2/ (simbe)dy _ =
cosh” u

Therefore,

t u s
/ o= JLH@)d / A(s)e J2 Ao / C1(s,v)| | Ry (v)| dvdsdu
0 0 s—71(s)

t u s
u - 1
< (0.2)2.3/ / e 2 t‘“‘]“’d”—/ (e7% — e7373%) vdsdvdu
o Jo 3 Jo.ss
b “11
< 046 | ——— ——(e*+24e72%
- /0 cosh2u/0 34 ( )
X / (6761) — 673'”735) vdsdvdu
0.5s
0.46 _ t
< ——sup|N (u du
- 12 uz%)‘ ( )‘/0 cosh?u

A4 S | A
< —O 60.09/ — du:—o 60.09tanht
o cosh”u 12

0.09
(3.57) < 046~ = 0.00345.

This follows from the fact that,

N (u) := /0 (e** +2+¢7%) /05 (e — 7% 7%%) vdvds,

is a positive function, increasing on [0, 00) and N (u) < 0.09 for any u > 0.

and

t u s
/ o= JLH@)d / A(s)e J2 Ao / Cs(s,0)| | Rz (v)| dvdsdu
0 0 s—72(s)
< 0.0069,
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with Na (u) = Nj (u). Moreover, similar arguments as above show that one can
estimate the sixth term of (3.16) as

t u
e gt [T e a0y 5 = )] (1= 7 (0)

to 0
X |Ry (s — 7(s))| dsdu

| Y1, 4 25\ 025 a0 45
< 0.2/0 I /0 1 (e +2+e ) 5 (e —e ) sdsdu
025 [t 1 Yo 28\ (.—3s _ _—4.5s
< 0.2—12 | oila /0 (e +2+e ) (e —e ) sdsdu

(3.58) < 0.0041666,

and
t u
[t [Fem LA Gy s — ()] (1= 7 (9] | R (5 = () dd
0
< 0.0083332.

For the seventh we have, for ¢ > 0,

(b1 (1) A(t) + V(1))
0.5

20.125 LA(t) + -
' 2 +1 (t2 4 1)

1 .5t 1-—¢2
= )0.125 05 - + 2ttanht + ——
241 5(t+1)3 2 +1

1
A25 (| —— | .
20125 ()

t
It is clear that the function 7 (-) is positive and H (¢t) > (A + o) 71 for t > 0,

1 (t) =

Y]

(3.59)

which implies that

t u
/ e It H(v)dv/ e~ S A(v)dv |T1 (S)| dsdu
0

0
t t
. . 20125

= = [, H(v)dvy d :/ — [t H(v)dv d

/06 p(ujdu= [ e 02502 11"

t

0125 ) / A

025 At o/, 4

. 71(/\—"0)7)(1
A 0.125/6 LT (A to)u, 0125 X
0

A - 0.5.
A+o 0.25 2+1 "=02  Ato

(3.60) <
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and

t U

e~ Ju H(v)dv e~ [ Aw)dy [re (s)| dsdu < 2 _05.

2 = A+
0 0 g

The summation yields

a : =(\+0)084+(A\+0)084+ (A +0) g +0.00052. + 0.00026

A
40.0083332 + 0.0041666 + 0.5+ 7
Ao Ato

= (\+o)(168+ g) +0.51276
3.2508

0.5

4+ 0.51276 = 0.97716.

Also, we remark that the condition (3.19) holds, because 0 < 2 (by (t) + b2 (t)) +

1 , - _
2 (N1 (t) + N2 (t)) < 4o00. Consequently, the zero solution of equation (3.50) is
asymptotically stable. O

Remark 3.1. It is obvious that by letting b = 0 in Example (3.1), we obtain asymptotic
stability for the trivial solution of (3.50). Nevertheless, such a conclusion cannot be ob-
tained from the work of D. Pi in [18]. Because, in [18], R (-) is supposed to be bounded
while in our consideration is not. Further, the condition (iii) of Theorem 2 in [18] is not
applicable here. Thus, our results improve clearly those of [10] and [18].
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