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This paper considers a nonlinear integro-differential equation of third order with delay. We establish suffi-
cient conditions which guarantee the globally existence and boundedness of the solutions of the equation
considered. We benefit from the Lyapunov’s second method to prove the main result. An example is also
given to illustrate the applicability of our result. The result of this paper is new and improves previously
known resulls.

Busuaemucsa neniniiine inmezpo-ougheperyianvre pieHAHHA MPemMb0o20 NOPAOKY 3 3anisHeHHsam. Hase-
0eHO OOCMAMHI YMOBU 2400ANbHO20 ICHYBAHHA MaA 0OMENEHOCMI PO36 A3KI8 POIRAAHYMUX DIBHAHb.
Jaa 0068e0eHHA OCHOBHOZ0 Pe3yAbmamy eUKOPUCMO8Y€EmMbCa Opyull memoo Jlanynosa. Taxox Hase-
0€HO NPUKAAO 045 LAIOCMPAaYyil ompumanoz20 pezyavmamy. OMpumManuii pe3yibmam € Ho8UM ma no-
Kpauiye ompumati pariuie pe3yabmarmii.

1. Introduction. Qualitative properties of delay differential equations of third order have been
investigated in the literature by many authors. There have been obtained many interesting
results on the stability, boundedness, asymptotic behaviors, periodicity, and etc. of solutions for
various nonlinear delay differential equations of third order. In particular, for some works done
on the stability and boundedness of solutions to certain nonlinear delay differential equations
of third order, the readers can referee to Ademola and Arawomo [1], Bereketoglu and Karakog
[4], Omeike[12], Oudjedi et al. [13], Remili and Oudjedi [14], Sadek [15], Sinha [16], Tung [18 -
23], Zhu [25] and the references therein.

In this paper, we discuss the global existence and boundedness of solutions of the third order
nonlinear integro-differential equation with constant delay, r :

/

t
<q(t) (p(t)x’) > Falt)f (t, z, x) 2 +b()g(t,x)z + c()h(z —1) = / C(t,s)e (s)ds, (1)
0
where r is a positive constant, namely, r is a constant delay; p and q are positive and continuously
differentiable functions on R+, Rt = [0,00); a,b,c € CH(RT,(0,00)); f € C(RT x R?,RT);
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g€ CRt xR, RT); h € CYR,R) and C(t, s) is countinuous for 0 < t < s < oo. Alsoz, "
and " denote the first, second and third derivatives of the function z(t) with respect to .
We can write equation (1) in a differential system form as

g Y
p(t)’
/_t SMS_ z— —cC x c twlajs S
7 = 0/ 0t )35y s = At = DOy =) () / LN (@(s))ds,
where
_al) .Y
A0 = e ! <t’ ’p<t>>
and

p(O)b()g(t,x) — a(t)p' (1) f (t, . y>

B(t) = peTey 2)

are continuous and differentiable functions.

Besides, it should be better to summarize some papers in the literature on the qualitative
behaviors of nonlinear differential equations of third order with delay. Sadek [15] dealt with a
nonautonomous third order differential equation with constant delay, ,

n

" +at)z” +bt)z + c(t)h(z(t —r)) = 0.

The author investigated the asymptotic stability of the solution z = 0. Tung [18-23] obtained
some results on the stability and boundedness of solutions for various nonlinear differential
equations of third order with delay. In 2009, Omeike [12] considered the following nonlinear
differential equation of third order with a constant delay, r :

2" +a®)z +bt)g(a) + ct)h(z(t — 1)) = p(b).

He studied the asymptotic stability and uniform boundedness of the solutions of this equation,
respectively, when p(¢) = 0 and p(¢) # 0.

Recently, Oudjedi et al. [13] gave criteria for the stability of solutions to the following third
order nonlinear delay differential equation:

’

(q(t) (p(t)x'),> ta(t)r” +b(t)z + c(t) f(a(t — 7)) = 0.

However, it is worth mentioning that in spite of the existence of many results on the stabi-
lity and boundedness of nonlinear differential equations of third order with and without delay,
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to the best of our knowledge there is no result on the globally existence and boundedness of
solutions of nonlinear differential and integro-differential equations of third order with and wi-
thout delay. To the best of our knowledge, this paper is the first attempt on the subject in the
literature to integro-differential equations. The motivation of this paper comes from the menti-
oned papers and the papers of Baxley [3], Changian et al. [S], Constantin [6], Graef and Tung
[8, 9], Napoles Valdes [11], Tidke and Dhakne [17]. Throughout all the mentioned papers the
Lyapunov’s second method is used as a basic tool to verify the results therein. The aim of this
paper is to give certain sufficient conditions to ensure the global existence and boundedness of
solutions of Eq. (1). We prove a result on the topic by defining an appropriate new Lyapunov
functional. However, we should state that it is always difficult to find a suitable Lyapunov functi-
onal for higher order differential and integro-differential equations, which verifies the assumpti-
ons of the Lyapunov’s stability theorems (see Ahmad and Rama Mohana Rao [2], EI’sgol’ts [7],
Krasovskii [10], and Yoshizawa[24]). The result obtained in this paper complements the previ-
ous ones in the literature on the qualitative properties of ordinary and functional differential
equations. Besides, it improves the existing results on the third order nonlinear ordinary and
functional differential equations in the literature to functional integro-differential equations of
third order, and it may be useful for researchers working on the qualitative behaviors of soluti-
ons of integro-differential equations of higher order with and without delay. This is the novelty
and originality of this paper.

We assume that there are positive constants ag, a1, do, 61, m,n, L, M, and N such that the
following conditions hold:

(A0 <m<q(t) <plt) <M —-L<pt)<q({t) <0andp’(t) >0,
h(z)

T
(A3)0 < ap < a(t) < a1, d (t) <0,
(A0 <n<c(t) <bt)<N,—N <b(t)<c(t) <0,
(As5) 0 < fo < f(t.z,y) < f1, filt,z,y) <0,
(Ag) 0 < go < g(t, @) < g1, (8, ) < 0.

2. Main result. Our main result is the following theorem.

(AQ) h(O) - 07 Z 507 X 7£ 07 ‘h/(x)| S 617

Theorem 1. Suppose that conditions (A1) —(Ag) hold. Then all solutions of system (2) are
continuable and bounded provided that there exists o satisfying

such that

LM2a1f1

d = 3

< n(go— aMdy)
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and
1 [t 1 [o°
2m (eo— (5 [ 1C@s)ds+—5 [ |CG,Dldu
. 0 t
r < min SN e, 7
o [t
2m <01 - / ]C(t,s)\ds)
2 Jo
OéN(Sl ’
where
1 1 f f
_ aagp fo _
co = 77 (n(go — aMéy) —d) C1—M< i 1), /\C(t,s)]ds<oo
0
such that
t
[1ct.s)ias < >,
0
and
/\C(u,t)\du < o
t
and

t

1 1T
2/\C(t,s)\ds+mQ/\C(u,t)]du < ¢p.
0 t

Proof. To prove the theorem, we define a Lyapunov functional V' (t) = V (¢, x(t), y(t), 2(t))
by

V(t) = V(t,x(t),y(t),2(t) = e Ut,2(t),y(t), 2(t)), ©)

where

p(s) / aMNg,  aaaMN
< amM - (— )d <
< am f1/< p3(8)> p(s))ds+———+—5— <
0
aa LM?*fi  aMNg, oasMN Ng1  Laifi
< 3 + + 00, a2 = —— + —F,
m 2m 2 nm nm
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and

2

U(t) = U(t, z(t),y(t), 2(t)) = p(t)c(t)H(x) + aq(t)B(t) 5+

N |

+ aq(t)e(t)h(z)y + % (At q(t)y* + az® + 2yz)+
r y2(s)
/ Clu )l

0 ¢
+ )\/ / y? (u)duds +
such that H(z) = / h(u) du. Also p and A are positive constants which will be determined

duds (4)

o _

—rit+s

0
later. From the definition of U(¢) in (4), we observe that our Lyapunov functional can be rewrit-
ten as follows:

0t
U(t)=U; +Us+ /\/ / yz(u)duds + du ds,

—rit+s

o

r y2(s)
/ Cl o)l
where

2
Ur = p(t)e(t)H (x) + aq(t) B(t) % +aq(t)e(t)h(z)y,

Uy = = (A(t)q(t)y? + az® + 2y2).

N

First consider
2

Ui = p(t)e()H(z) + aq(t) B(t) 7> + aq(t)c(t)h(z)y.

o[

By noting the assumptions of the theorem and since ¢(t)g(¢,z) < p(t)B(t), we have

2

Ur = p(t)e(t)H () + aq(t) B (t)% +aq(t)e(t)h(v)y =

X M X
> mn/ <1 @ 51) h(u)du > 5250/udu > %f,
0 90 0 2

where § = mn (1 — aM51> .

90
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M
On the other hand, using assumptions (A1), (As) and (Ajs), since o > alo we get
0fo

Uy =

N

2 1
>5 (+3) 3 wh _
2 @ 2

where J3 and J, are sufficiently small positive constants. Thus, taking into consideration the
above discussion, it follows that

o

e

t

Hence, it is evident, from the terms contained in the last inequality, that there exists a suffici-
ently small positive constant 5 such that

Ut) > 5250 a2 + S3y® + 6422 +A// w) duds +
—rit+s

(5) duds
(s)

o _

U(t) > 65 (22 +y* + 27), (5)

where 05 = min {62250, I3, 54} . This implies that V' (¢t) > 0

Let (z(t),y(t), 2(t)) be a solution of (2). Calculating the time derivative of the functional
U (t), along the trajectories of system (2), we obtain

U () = e B + “LOPD 2 4 agw)en) nieyy+
. (aq<t>23’<t> . A<t>2q’<t> Lo )> S
1 / yY(s
+<q(t) A()>z+y+az _/ps )) ds+

y? / y*(s)
20 0/ G0 gy 2
where /
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and since (q(t)c(t)) = ¢ (t)e(t) + q(t)¢ (t), we obtain the following:

° 2

+-Y /!C(u,t)|du—/|0(t,s)\ yQEz) du. (6)
t

Now, we verify

F(t,z,y) = (p(t)e(t)) H(x) +

for all z,y and ¢t > 0. The last estimate can be written as

F(t,,9) = (a(t)e(t)) (822831{(@ + G ah<x>y> -
= (altyelt)) (8 O 11y 520 (4 )" O“’;%fifx)) ,
also by assumption (A1) and (A4) we obtain g Egzggi > 1, this requires
F(t,z,y) < (q(t)c(t)) Z (1 _ 0]‘3@(%) h/(u)) h(u) du.
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M
From (A1) -(Ag) we get ;((tt)) < o In the same way, we have
;[ M ,
Pt < @0e) [ (1= 250 ) hu)du < (oel) 320 a* <.
0

Furthermore, using the assumptions of the theorem, we get

B(t) < %+La1f1
-~ m m2
and
o W) +bat) P (b0l x)
B ()= o0 P2 (2)
Y Yy
d 09 (1)f (t . pm) 01 (t . (t))
20 20
Y g LY
a0 (e ) 20”0 (025 )
P*(t) p3(t) =

_ 2 flp/Q (t) — Ngip(t)p' (t)
= p3(t) '

Hence, it is easily seen that

aq(®)B'(t) _ aq(t)c ()B(1) | A (1) _ aq(t) (B/(t)_c'(t)B(t)> -
c(t) -

_aM <2a1f1p'2 (t) = Nowp(t)p' () _ a9e (t)> _

B 2 pS(t)
= D(t)
and
G(t) = A (tz)q(t) +aQ(;)((t:)(t)h, ) Blt) <
(p(t)e(t) a(t)f (.=, y)
_ pO) b ()
< 2p%(t)q(t) +p(t) ( 0 q(t)h (x) — g(t, )) <
< L]\ﬁ%lfl + % (aMdy — go) = % (d+n(aMdy — go)) = —co < 0.
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We have also that

Therefore (6) becomes

U'(t) < (D(t) + M = co)y® — e12” + (|y| + al2] N/‘y(j

(h ‘ds—l—

/ y(s)
0/ C(t.9)/ 25

1
Using the Schwartz inequality |uv| < 3 (u2 + v2) , we get

Ul(t)<(D(t)co+r<)\+> ( /Ctsds—i—/Cutdu))
+ (3‘ O/t Ot )] ds + 220 q) 2y (N nil e —/\> / ¥ (s) ds+

+ (O‘;) O/tC(t, s)| y2gs) du. 7)

Noi(1
M, we have from (7) that

By choosing A =
U'(t) < D(t)y*. (8)

It is now clear that the time derivative of V'(¢) defined by (3) along any solution of system (2)
leads that

Thus by (5), (8) and taking ;» = 5, we obtain

/ _o®
Vit)<e o <—D§(t)55y2 +D(t)y2) =0.
5
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This implies that V' (¢) < 0. Since all the functions appearing in equation (1) are continuous,
it is obvious that there exists at least a solution of equation (1) defined on [tg, to + ) for some
o > 0. We need to show that the solution can be extended to the entire interval [tg, c0). We
suppose that on the contrary that there is a first time 7" < oo such that the solution exist on
[to, T') and

lim ()] + [y(t)] + [2(t)) = oo
t—T
Let (z(t),y(t), z(t)) be such a solution of system (2) with initial condition (z¢, yo, o). Since V()
is a positive definite and decreasing functional on the trajectories of system (2), V' (t) < 0, we
can say that V' (¢) is bounded [to, T), that is,
V(‘T(T)v y(T)a Z(T)) < V(t(Jv Zo, Yo, ZO) = Vo.

Hence, it follows from (3) and (5) that

2*(T) +y*(T) + 2X(T) <

| =

o)
where K = dse ~ . This inequality implies that |z(¢)|, |y(¢)| and |z(¢)| are bounded ast — T~

Thus, we can conclude that T' < oo is not possible, we must have T" = oo.

Theorem 1 is proved.

Example. We consider the following third order nonlinear delay integro-differential equa-
tion:

(st 2)0)) o (o) )
U U L
<

z(t—0.001) \
1+22(t—0.001) )

8+ ><2m(t —0.001) +

~+

/ —|—5Ot2 7'(s) ds. ©

0

When we compare equation (9) with equation (1), it can be seen the existence of the following
estimates:

et 1
=14+ — t) =14+ ——
p(t) =1+ 5, a(t) t T
26 -1 ’ ’ "
m=1<q)<p)< ;=M -L=_<p<dW<0, p(t)=0,
(#) =44 — —3<at)<5= ") <0
a D ag = a =a, a = U
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1 1
- =38
) +2+t

n=8<ct)<b{t)<9=N, —N=-9<b(t)<c(t)<0,
f<t,$,l',> = 1+7y fO =1 S f<t7$7x,> S 2 = f17 ft <t7x7ml> S 07

go=1<g(tr) <2=g, gltz) <0,

h(x) 1
1+ 22’ x 1+ a2’

h(O) =0, —22= 507 x 7& 0, ‘h/(x)| <3= (517

t
1 1 1
1 ts)lds = — _ b
2/‘0(’8”3 2/ 50t2+1 200 = %%
0

o

t e’} t [e%s)
1 1 1 1
- [ |C(t,s ds+/Cu,t du:/ s+/ u < —.
20/’ (t,9) m? ) e ) 2J (50t2+1 J 50u2+1 100

Thus, all assumptions (A;)-(Ag) hold. Therefore, we can conclude that all solutions of
equation (9) are continuable and bounded.
Also the trajectories of solutions of equation (9) are shown in Fig. 1.

1.0
05 \
0
N\ L .

- 20
1 2 3 4 5
056 y(t)
1.0}
150
=20

Fig. 1. Time evolution of the states x(t), y(¢) and z(¢) of equation (9).
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