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Abstract

The objective of this study was to get some sufficient conditions which guarantee the asymptotic
stability and uniform boundedness of the null solution of some differential equations of third order
with the variable delay. The most efficient tool for the study of the stability and boundedness of
solutions of a given nonlinear differential equation is provided by Lyapunov theory. However the
construction of such functions which are positive definite with corresponding negative definite
derivatives is in general a difficult task, especially for higher-order differential equations with
delay. Such functions and their time derivatives along the system under consideration must satisfy
some fundamental inequalities. Here the Lyapunov second method or direct method is used as a
basic tool. By defining an appropriate Lyapunov functional, we prove two new theorems on the
asymptotic stability and uniform boundedness of the null solution of the considered equation.
Our results obtained in this work improve and extend some existing well-known related results
in the relevant literature which were obtained for nonlinear differential equations of third order
with a constant delay. We also give an example to illustrate the importance of the theoretical
analysis in this work and to test the effectiveness of the method employed.
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1. Introduction

The qualitative behavior of solutions of various differential equations of third order with and
without delay have been extensively studied. In the relevant literature, a good deal of work has
been done and many interesting results have been obtained. We refer readers to the papers of Hara
(1971), Zhu (1992), Omeike (2009) and Tung¢ (2009), to mention a few as well as the references
cited therein for some works on the subject, where the Lyapunov function or functional approach
have been the most effective method to determine the stability and boundedness of solutions.

Omeike (2009) considered the following nonlinear differential equation of third order, with a
constant deviating argument r,

2(t) + a(®)x"(t) + b(t) f (2'(1)) + c(®)h(z(t — 7)) = e(t).

He studied the stability and boundedness of solutions of this equation when e(¢) = 0 and e(t) # 0.
In Tung (2009), the author discussed sufficient conditions which ensure the boundedness of the
delay differential equation of the form

a"(t) + a(t)yY(2'())x"(t) + b(t) f(2'()) + c(®)h(2(t — 7))
=e(t,z(t),x(t —r),2'(t), 2 (t —r), 2" (t)).

Our objective in this paper is to extend the results verified by Tung¢ (2009) to obtain sufficient
conditions for the stability and boundedness of solutions of the following delay differential
equation:

[B(x())a’(0)]" + a(t)w (' (t))a"(8) + b(t) f (' () + c(t)h(x(t = (1))
= e(t, z(t), z(t — r(t), 2'(t), 2'(t — r(2)), 2" (1)), (D
where ¢ is a twice differentiable function and p is a positive constant with 0 < r(¢) < p, which
will be determined later. The functions a(t), b(t), c(t), f(z'), h(x), ¥ ('), and
e(t,z(t), z(t — r(t)),2'(t), ' (t — r(t)), 2" (t)) are continuous in their respective arguments; the
derivatives d/(t), b'(t), c'(t), h'(z), f'(2") are continuous for all z, y with A(0) = f(0) = 0. In
addition, it is also assumed that the functions e(t, z, ', x(t — r(t)),2'(t — r(t)), 2”), f(2'(t)) and
h(xz(t — r(t))) satisfy a Lipschitz condition in z, 2/, 2", x(t — r(t)), and 2/(t — r(t)).

Remark 1.1.

Clearly the equation discussed in Tung (2009) is a special case of equation (1) when ¢(z) = 1
and r(t) = r. Moreover, if ¢ (z’) = 1 and f(z') = 2/, then (1) reduces to the case studied by
Remili and Oudjedi (2014).

2. Preliminaries

First we will give some basic definitions and important stability criteria for the general non-
autonomous delay differential system. We consider
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o' = ft,xe), w(0)=ax(t+0), —r<0<0, t=0, 2)
where f: I x Cy — R" is a continuous mapping,

f(t,0) =0, Cu:={¢ € (C[=r0], R"):[lo]| < H},

and for H; < H, there exist L(Hy) > 0, with |f(¢,¢)| < L(H;) when ||¢| < H;.
Definition 2.1. Burton (2005)

An element ¢ € C' is in the w — limit set of ¢, say Q(¢), if z(¢,0,¢) is defined on [0, +0o0)
and there is a sequence {¢,},t, — 0o, as n — oo, with |z, (¢) — || — 0 as n — oo where
xy, (¢) = x(t, +6,0,¢) for —r < 6 <0.

Definition 2.2 Burton (2005)

A set ) C Cy is an invariant set if for any ¢ € @), the solution of (2.1), z(¢,0, ¢), is defined on
[0, 00) and z4(¢) € @ for t € [0, 00).

Lemma 2.3. Burton (1985)

If ¢ € Cy is such that the solution x;(¢) of (2.1) with zo(¢) = ¢ is defined on [0,00) and
|z:(P)|| < Hy < H for t € [0,00), then 2(¢) is a non-empty, compact, invariant set and

dist(x4(9), Q2(¢)) — 0 as t — oo.

Lemma 2.4. Krasovskii (1963)

If there is a continuous functional V' (¢, ¢) : [0, +00] x Cy — [0, +00] locally Lipschitz in ¢ and
wedges W; such that:

i) I Wi(llol]) < V(¢ ¢), V(t0)=0and Vi, (¢ ¢) <0

then the zero solution of (2.1) is stable. If in addition V (¢, ¢) < Ws(||¢||) then the zero solution
of (2.1) is uniformly stable.

(i) If Wi(lloll) < V(t,¢) <Wa(llofl) and Vi (£, ¢) < =Ws([[]]),

then the zero solution of (2.1) is uniformly asymptotically stable.

3. Assumptions and main results

We assume that there are positive constants a, b, ¢, d, dy, 01, 02, U1, ¢o, @1, p, and o, such
that the following conditions hold

i) 0< a<a(t) <A 0<b<bt)<B,0<c<c(t)<C,

i) 1<y <vi, 0<do<oa) <o,
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iii) % >0>0 (x#0), and |h/(z)] < 6, for all x
( ) >

kh

+oo
V) / u)| du < oo,

Vl)/ s)|ds < Ny < oo and ¢(t) — 0 as t — oo,

vii) for some p > 0and 0 <o <1, 0 < r(t) <p, r'(t) <o.

Before stating theorems, we introduce the following notation A = pbdy — C'd1¢;.
For the case e = 0, the following result is introduced.

Theorem 3.1.

In addition to the assumptions (i)-(vii), assume that the following conditions are satisfied

$10,.C
H1
) bog < p<a,

:U/wlf 52/ 51/ A
H2 ——ld'(t)| + —=|b'(t)| — —Cc(t) < —.
) 2 ()] %I()! u() g

Then the zero solution of (1) is uniformly asymptotically stable, provided that

2a— ) G~ o) 3

p<mm{ 6:C, " C102(1+ o + pd(1 — 0))

Proof:

Equation (1) can be expressed as the following system

b
T @)Y
y = z (3)
poo_at) oy o a)d@) oy Yy
Y= oGt @ Yy Tt <¢<x>>
—c )+ c t y(s) "(xz(s))ds
Ohe) ety [ SEESH )

We define the following Lyapunov functional W = W (¢, x4, yy, 21):

W<t7 Tty Yt Zt) = eiﬁ(t)v(m Tty Yty Zt) = eiﬁ(t) V7 (4)
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where
— s C L 1Z2 L ‘
V= el H(@) +eh(e)y +HOKF () + 57+ o
ot Yudu + A €)deds, >
+pa / v(u * /r(t /+s a v
and t
= [+ 15 s
such that
/[ u, u, and « ¢,<x(t))x’
) = [ hdo, 7o) = [ o) and alt) = Senao)

w and A\ are positive constants which will be specified later in the proof. The above Lyapounov
functional V' can be rewritten as the following

— [H(x) Loy + %y] palt) [ lo) - Luda

1 N2 Y d1c(t) o
gl gy U0 F(s) — = 2
0 t
—i—)\/ / y*(€)déds.
—r(t) Jt+s
Letting . 5
— hl 12
G(z,y) = H(z) + Myh(fﬂ) + 22
assumption (iii) implies that
_ Ot Bz = L
Glry) = H@)+ gyt £h() = 55 ()
> / (1 _ PN pdu > 0 (6)
0 01

It is clear from (iv) that

Hence, using the above estimate, the assumption (ii), (3.4), and the fact that the integral

f ) ft Y €)d&ds is positive, we deduce that

V> puct)G(z,y) + =(z+ —xy)z

A9
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dob  CO
Condition (H1) implies that 1— r >0 and —— — ——= > 0. Thus there exist a positive constant
a 1 1%
k small enough such that
V > ucG(z,y) + k(y* + 2°). )

From (i1), (v), and (vi), we get

s / latsl , 1),

C

1 02(¢) / N-
L,
w Jo,ry 9*(u) c

1 /eroo‘ ( ) N Ny Ny

|du+ — < —5 +— =N < o0,
c T wp ¢

< —
wej

where 6, (t) = min{z(0), z(¢)} and 62(t) = max{x(0), z(¢)}. Therefore we can find a continuous
function W (|| X]|), where X = (z,y, 2), such that
Wi([[X][) >0 and  Wi(lX[) <W.

The existence of a continuous function W5(||X||) which satisfies the inequality W < Wy (|| X||)
is easily verified.

Let V(’3) (t, e, Yp, 2t) = V(’g) denote the time derivative of the Lyapunov functional V' (¢, x, yy, 2;)
along the trajectories of the system (3). An easy computation shows that

Vi = ud()H(@) + ¢ (tyh(x) + b'(t)gb(x)F(%)
P o) g Yo\ a Y Y
@ e e s Gy
+pa (1) /O “ U(u )udu+%y2+M(ﬂyQ
Yy Y
Fal0) pOFF (L) = Mo S + 0w — )
! t W) o [
vl +2) [ g A [ e
When we apply the hypotheses of the theorem we obtain
Vi < nl(hG(ry) + [%y —ub(t)ﬁf(ﬁx)ww]
+ | pa' (1) / . @(muduww@)p(ﬁ) ;5; '<t>y2]
p—alt)] 3 2 — W)z
#1822 a0 Sme? + (A -

" N 0 ) PR
+elt) 5y +2) /H(t) Y Gt ds = M1 =) /”(t)y (6)de.
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Using the Schwartz inequality |uv| < i(u® + v?), we have

la(t)] {3;523 + (A — )’qu < % a(t)] [35231/2 + (A — p)(y° + 22)}
< ki la(®)] (y* + 2%,

1
where k; = §(Aw1 — p+ 302 B). Since |h/(z)| < 4y, we get the following inequalities

&(t) t &h’ d Copp Y2 Cudy [* d
¢<x>y/”(t> o) s < ST S g /( (€)de,

and
C5lp 2 051

toyls) o1 2
c(t)z/t_r(t) ¢(x)h (x(s))ds < 5 + 2%/ Y (&)dE.

It can be easily deduced from the above estimates that

4]
5 |0l + 2ol - 2| v
{A ,uC’51) 1 2 [a—,u B 051,0} 2
% 200 10 a2

C, 7 ! 2 2 2
At A<1—0>] / O+ (0] 67 + ).

Co . .
If we take M = )\, by using (H2) the last inequality becomes

241~ o)
bog — C'o &)
Vi < ne(0G(y) - |00 - SO ]2
-1 - G man 6+ 2
o1 2

k
Taking w = . and using the inequalities (3.6), (3.5), and (3.2) we obtain
1

W - [V ot +|cfc<0t>|>v}
< s - (5 -52) ¢
A Po + 1
(2¢%‘2¢ (%( )+u>p>y2+k1|a(t)|(y2+z2)

- (k‘1|0];(t)| N IC’i’f”) (ueG(x,y) + k(42 + 2%)) }
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Since ¢(t) —|d(t)] <0 we have

Wy < e‘ﬁ(t)[— (a_“ — Célp) 22

1 2
B (A_ Céy < Po + p +,u> p) y2]
203 2¢9 \93(1 —o0) '
Therefore if we choose
- (2(a—p) KA - 0) }
p= { 0108, " C516%(1+ b0+ pdd(1— o)) J

then
Wiy (t, 2, 41, 2) < —y(y° + 2°), for some ~ >0,

From (3), W5(||X||) = v(y*+ 2?) is positive definite function. Hence, Lemma 2.4 guarantees that
the trivial solution of Equation (1) is uniformly asymptotically stable and completes the proof of
the theorem. [

We will now state our main results for the case e # 0.
Theorem 3.2.

If all the assumptions of Theorem 3.1 are satisfied then all solutions of equation (1) are bounded
provided

|€(t,ZL’, ]3<t - T(t))v y,y(t - 7’<t)), Z)| < |q(t)|7 and

t
/ lq(s)|ds < oo, for all ¢ > 0.
0

Proof:

The proof of this theorem is similar to that of the proof of the theorem in Tun¢ (2009) and hence
it is omitted. [J

4. Example
We consider the following fourth order non-autonomous differential equation
sin?(z) ! 1 cos®(y)
3 / - —t 3 8 1
(755 w) ) = (aeres) (557 )
. 1 ‘4 193 o 22/
—cost+ — | | 2+ ——
3 3 (1+27)
1. 15 x(t —r(t))
—sint + — t—r(t
- (4sm - 4) (""”( ") T ()

1
Sl a2t —r(t) oy Rt —r(t) + 22

€))
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Take
sin?(z) 2y cos®(y) T
3 = = 8, h(x) =
o@) =15 T3 f) y+(1+y2),¢(y) T T8 (¥) = g+
1 1 193 1 15
a(t) = Ze—t—i—S , b(t) = gcost—l— = c(t) = Zsint+ -
and

et, z,z(t —r(t),y,y(t —r(t), 2) =

T+ 842+ 22(E — () + 9 + 2 (D) + 2

It can be seen that

1 13 1 1

3=a<alt)=-e"+3< —, =|—-et t >0,
a<alt)= e +3< =, ld(0)] = | e|_4
1 193 194 1
64:b§b(t):§cost+?<T 0<|b’(15|_|—s1nt|<g t>0,
7 1 15 1 1 1
—=c< = i T <4=0 —< == < t>
5 c<c(t 4smt—1—4_ C, 4_c(t) 4cost_4,t_0,
h(z 1
1=5§T— T2 , W (z)] <0 =2and p =1,
(v) 2
l=6p<—%=1+ <o =3
Ty (1+y?) =
cos® (y)
1<8= < = 8 < =9
¢0_¢<y) 1+y2+ _1/}1 )
sin?(x)
3 =0, < = 3 < ¢ =4.

Easy computations show that conditions (H1) and (H2) are satisfied.

) 1
Indeed, 91010 = — < i < a= 3. We have also
bdg 2
/Wl a 2 / 51 / K 1 1 13 Mb(50 ¢1C(Sl
b(t)| — —=ct) <=4+ =+ — = 2.

It is straightforward to verify that

Foo T T2 cosusinu
/ d /
[l < [ H t+w |”

< 2w+ 2.

2u sin? u
(1+u2)?

IN

Ja
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We have
1
t t—r(t t—r(t =
6( 717,1‘( T( ))’yay( T( )),Z) 1+t2+x2+x2(t—r(t))+y2+y2(t—r(t))+22
1
142’

and
“+o0o 1
/ LA,
o 1+

All assumptions of Theorems 3.1 and 3.2 hold true, thus their conclusions also follow.

5. Conclusion

The problem of the stability and boundedness of solutions of differential equations is very
important in the theory and applications of differential equations. In the present work, conditions
were obtained for the stability and boundedness for certain third order non-linear non-autonomous
differential equations with the variable delay. Using Lyapunov second or direct method, a Lya-
punov functional was defined and used to obtain our results.
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