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Abstract

This paper deals with a fourth-order non-linear differential equation with multiple deviating arguments.
Some sufficient conditions are set up for all solutions and their derivatives to be bounded. Our results
are new and complement to previously known results.
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1 Introduction

We consider the nonlinear differential equation of fourth order with multiple deviating
arguments

(4)

2 () + fit @)z () + faltoa(t))a”

(1)

(&) + fa(t, 2()z (1)
+g0(t, z(1)) + Zgi(t, a(t —7i(t)) = p(t) (1.1)

where f1, f2, f3 and ¢;( = 0,1,2, ...,n) are continuous functions on Rt x R, 7;(¢) > 0 (i =
1,2,...,n) and p(t) are bounded continuous functions on R* = [0, +00).

Define y(t) = dfiit) +dyx(t), 2(t) = dziTEft) + doy(t) and w(t) = dz(t) + d3z(t) where

dy,ds and dsz are some constants. Then, we can transform Eq. (1.1) into the system, as
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follows,
dfzgft) = —dia(t) +y(t)
WO — oy(t) + 2(0)
djl(tt) = —dzz(t) + w(t)
dw(t) _
g = ~(A(tx(t) —di —dy — dy)u(t)

+ (= (dy +dy — fi(t,x(1)))(dr + da + dg) + (dida — folt, x(t))) — d3)=(t)

+ ((dv +do — fi(t,z(1))(d} + dida + d3) — (dida — fo(t,z(t)))(d1 + do)

— f3(t,2(t)))y(t)

+ (A1t 2(t) — di — d2)d} + (duda — fo(t,2(1)))d; + f3(t, x(t))d1)z(t)
—go(t, () = Y git,x(t — mi(t)) + p(t). (1.2)

i=1

In applied science, some practical problems are associated with higher-order nonlin-
ear differential equations, such as nonlinear oscillations ([1]-[4]), electronic theory [5],
biological model and other models ([6], [7]). Just as above, in the past few decades,
the study of qualitative behaviors for higher order differential equations has been paid
attention to by many scholars. And, many results relative to the stability and bounded-
ness of solutions of higher order differential equations with delays or without delays have
been obtained in view of various methods, especially, Liapunov’s method (see [8]-[23]
and references therein). On the other hand, some researchers have obtained their results
for higher order differential equations with several deviating arguments without using
Liapunov’s method and Liapunov functional (see [24]-[27]). However, to the best of
our knowledge, no authors have considered the boundedness of solutions of fourth order
differential equations with multiple deviating arguments in non-Liapunov sense. By the
way, we interpret that forming the forthcoming conditions in non-Liapunov sense for our
results is easier and more useful than determining a Liapunov functional for higher order
differential equations with delays. Thus, it is worthwhile to continue to investigate the
boundedness of solutions of Eq. (1.1) in this case.

The main objective of this paper is to study the uniformly boundedness of solutions
of (1.2). We will establish some sufficient conditions satisfying the solutions of (1.2) to be
uniformly bounded. Our results are new and complement to previously known results.

2 Definition and Assumptions

We assume that h = max {supn(t)} > 0. Let C ([—h,0], R) denote the space of con-
<i<n (teR

tinuous functions ¢ : [—h,0] — R with the supremum norm. It is known from ([28]-[30])
that for g;(i = 0,1,2,....n), 90, f1, fo, f3,p» and 7;,(¢)(i = 1,2,...,n) continuous, given a
continuous initial function ¢ € C ([~h,0], R) and a vector (yo, z0, wo) € R3, there exists
a solution of (1.2) on an interval [0, T) satisfying the initial condition and satisfying (1.2)
on [0, 7). If the solution remains bounded, then 7' = +oco. We denote such a solution by

(‘T(t)vy(t)a Z(t),U}(t)) = (.’L‘(t, (ba Yo, 20, w0)7y(t7 ¢7y07 207’100), Z(ta d)?yOa 20, wO)a w(t7 ¢a yO»Z(LwO))

where y(s) = y(0), z(s) = 2(0) and w(s) = w(0) for all s € [—h,0]. Then, it follows that
(x(t),y(t), z(t), w(t)) can be defined on [—h,+00).
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Definition. Solutions of (1.2) are called uniformly bounded (UB) if for each By > 0
there is a B, > 0 such that (9,50, 20,w0) € C([~h,0,, R) x B® and 6] + o]l +
||ZO|| + ||w0|| < B lmply that |‘T(t7 ¢, Yo, 20, w0)| + |y(ta ¢’ Yo, =0, w0)| + |Z(ta ¢7 Yo, =0, w0)| +
|w(t, ,yo, 20, wo)| < By for all t € RT.

In this work, we also assume that the following conditions hold:

There exist constants K > 0, d; > 1, dy > 1, d3 > 1, dg4 > 0 and nonnegative
constants L; and ¢; (¢ =0, 1,2,...,n) such that

i) [(fi(t,2(t) — di — da)d} + (didz — fo(t, 2(t)))dF + fo(t, 2(t))dr)u — go(t,u)| <
Lo|ul, for allu € R and t > K,

“) |gl(t7u)| S Ll |u| +Q17 |g2(tau)| S L2 ‘u| +CI2; () |gn(t7u)| S Ln ‘u| +qn for all
u € Rand t > K,

Z’LZ) d4 = ti>nIf{ (f1 (t,.%‘(t)) — dl — dg — d3)

~(sup [(dy +da — fu(t,2(1))) (6 + dady + ) — (dady — falt. (1)) (d + do) — falt. (1)

Fsup [ ~(d1 +dy — fi(8a(®))(dh + da +da) + (dada — falt. (1)) ) > i}Li.

3 Main Results

Theorem 1. Suppose (i)-(iii) hold. Then solutions of (1.2) are uniformly bounded.

Proof. Let (z(t),y(t), 2(t), w(t)) be a solution of system (1.2) with initial conditions
x(s) = ¢(s), y(0) = yo, 2(0) = z9 and w(0) = wyp for all s € [—h,0] where ¢ €
C ([-h,0], R) and (yo, 20, wo) € R3.

Calculating the upper right derivatives of |z(s)|,|y(s)|, |2(s)| and |w(s)| along (1.2),
in view of (i)-(#ii), we have

D¥(Ja(s)])s=t sgn(z(t) {—drz(t) + y(t)}

< —dyfz(®)]+ @), (3.1)
D¥(ly(s)s=¢ = sgn(y(t){—day(t) + 2(t)}

< —dpy(®)]+ [2(8)] (32)
D¥(Jz(s))s=t = sgn(z(t)){—dsz(t) +w(t)}

< —dslz()] + [w()], (3-3)
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and

DF(Jw(s)])s=¢

= sgn(w(t){—(f1(t,z(t)) — di — d> — d3)w(?t)

+ (=(d1 + d2 — f1(t,z(1)))(d1 + do + d3) + (didz — fa(t,z(t))) — d3)2(t)
+ ((di +do — fr(t,2(t)))(d] + dida + d3) — (dvd — fa(t, (1)) (d1 + da)
— f3(t,z(8)y(?)

+ ((it.x(t)) — di — d2)d} + (dida — fot,z(2)))d] + f3(t, 2(t))d1)x(t))

—go(t,z(t)) — Zgz‘(t7$(t = 7i(t)) + p(t)}
=1

< {(=nf_ (ta(®) = dy — da — d)) ()
+ tS;lIg |— (di+dy — fi(t,z())(d1 + d2 + d3) + (dida — fo(t,2(t))) — d3] |2(t)

+ sup [(di + do — f1(t,2(t)))(d3 + dida + d3)

t>K
— (didz — fo(t,z(1)))(d1 + d2) — f3(t,z(1))] [y(t)]
+ Lo |x(t)| + ZLi lz(t — 7:(t)]} + Z‘h’ + [p(t)] - (3.4)

Let
M(t) = max {max {|z(s)[,|y(s)],|2(s)], [w(s)[}}.

—h<s

It is clear that max {|x(¢)|, |y ), [z()], |w®)|} < M(t) and M (t) is non-decreasing,.
Now, we consider the following two cases:
Case I): If there exists a sufficiently large constant K; > K such that

M(t) > max {|z(t)[, [y()], |z(@)], lw(®)[} (3.5)
for all ¢ > K, then we claim that
M(t) = M(K,) (3.6)

is a constant for all t > Kj.

By contrapositive, assume (3.6) does not hold, then, there exists ¢t; > K; such that
M(t1) > M(K,).

Here max {|z(t)], |y(t)|,|z(t)],|w(®)|} < M(K;) for all —h < ¢t < K; and there
exists 8 € (K1,t1) such that max {|z(8)], |[y(B)|, |z(B)],|lw(B)|} = M(t1) > M () which
contradicts (3.5). This implies that (3.6 holds. It follows that there exists to > K; such
that max {|z(¢)|, |[y(¥)|, |z(D)], |w(t)|} < M(t) = M(K;) for all t > ts.

Case II): There is a point ¢y > K; such that

M(to) = max {[z(to)| , [y(to)| , |2(to)] , [w(to)[} -

Letn—min{dl 1,dy —1,d3 — ZL > 0and 6§ = Z%—I— Sup Ip(t)| +1
=0
where ¢ > Kj. Then, if M(ty) = max{|:c(to)| |y(t0)\ |2(to)|, |w(to)|} = |5r3(t0)| then, in
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view of (3.1), we obtain

0 D (|a(s)|)s=ty < —di |2(t)] + |y(1)]
(1 —d1)M(to)

—nM (to) + 0, (3.7)

AN VARVAN

if M(to) = max {|z(to)], |y(to)|, |2(to)], |w(to)|} = |y(to)], then, in view of (3.2), we have
< DH(|y(s)])s=ty < —d2 |y(t)] + |2(2)]

< (1 —dg)M(to)

< —nM(to) + 6, (3.8)

0

if M(to) =max {|z(to)!, |y

—~

to)l, |z(to)|, lw(to)|} = |2(to)|, then, in view of (3.3), we get

0 DT (|2(5)])s=t, < —d3 |2(t)] + [w(t)|
(1 — ds)M(to)

—nM (to) + 0, (3.9)

if M(tg) = max {|x(to)|, |y(to)], |2(to)|,|w(to)|} = |w(to)|, then, in view of (3.4), we get

VAN VAN VAN

0 <D™ (Jw(s)])s=t,
< A(=jnf (fi(t) = di —dz —d3)) [w(?)]

+ sup |—(dy + dg — f1(t, (1)) (dr + da + dg) + (drda — fo(t, x(t))) — d3| |2(t)]
+ sup |(dy +d2 — f1(t, (1)) (d} + dids + d3)
— (didy — fo(t, 2(1))) (dr + d2) — fa(t, 2(t))] |y (to)]

+ Lo lx(to)| + Y _Li|w(to — i(to)) |} + > _ai + Ip(t)]

i=1 =0

<O Li — d)M(to) + Y _qi + p(t)
i=0 =0
< —nM(t) + 6. (3.10)

0
In addition, if M(ty) > —, (3.7), (3.8), (3.9) and (3.10) imply that M (t) is strictly
n

decreasing in a small neighborhood (tg,tg + dp). This contradicts that M (t) is non-
decreasing. Therefore, M (tg) < — and
n

0
max {|z(to)!, [y(to)l, [2(to)] , [w(to)|} < " (3.11)
For Vt > tg, by the same approach used in the proof of (3.11), we have
0 .
max {[z(t)[, [y(t)], [2(t)], [w(t)]} < p if M(t) = max {|z(t)|,y()],]2(O)], [w®)[}.

On the other hand, if M(t) > max {|z(¢)|, |y(®)|,|z(®)],|w(®)|},t > to, then, we
0
can choose ty < t3 < t such that M(t3) = max {|z(t3)|, |y(t3)], |z(t3)], |w(ts)|} < p
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and M(s) > max{|z(s)|, [y(s)],|z(s)|,|w(s)|} for all s € (t3,¢]. Using a similar ar-
gument as in the proof of Case (I), we can show that M(s) = M(t3) is a constant,
for all s € (t3,t], which implies max {|z(¢)|, |y(t)|,|z(®)],|w(®)|} < M(t) = M(t3) =

max {[e(ts)] [y(ta)l [2(ts)] [wits)[} <

To sum up, the solutions of (1.2) are uniformly bounded. The proof is complete. [

4 An Example

Consider the following fourth-order non-linear differential equation

() 1 ® 4 @
t 18— ————— t - t
O+ 8- e O )t O
3 (1)
lo7_ 3 3 . e
+(127 it 22(0) Yo T (t) + (69 + Tr 2200 Yo (t) + sinx(t — |sint|)
. : 1
+cosx(t — 2 |sint|) + sintsinz(t — e ) + cost cos x(t — 2t = T (4.1)
Setting y(t) = da;it) +2x(t), 2(t) = d?ili(tt) + 2y(t) and w(t) = d:;(tt) + 2z(t) we can
transform (4.1) into the following system
dx(t)
— 2
o z(t) +y(t)
dy(t) _
0 aytt) 4200
diz(tt) — 22(t) + w(t)
dw(t) 1 2 1
= 10— - 1— — -
dt W0 = T O+ C - T PO+ O - T VO
1
1 - - —Q — a1 _ 2 _ 2 31
( TF e 2200 )z(t) — sinz(t — [sint]) — cos x(t |sin ¢])
. . 1
: : sin 2|sin
—sintsinz(t — /¥ ) — cost cos z(t — €2 t‘)er. (4.2)

Then we can satisfy the assumptions (¢ — 4i7):
(i) ’1 — iz | < Lo lul + o for all t,u € R,
(i) [g1(t,w)| = [sinul < Lyfu| + q1,|g2(t,u)| = [cosu| < La|ul + g2, |93t u)| =
|sintsinu| < Ls |u| 4 g3, |ga(t, u)| = |costcosu| < Ly |u| 4 g4 for all t,u € R,
4
. 1 2 1
(iif) da = fnf (10 = meryy) — (59 |2 =~ oy +f§§‘1 ~ Tem|) > 2 L by

taking suitable L; and ¢; such as Ly = Ly = Ly = Ly = Ly = 1 for appropriate
q; (1=0,1,2,3,4).Hence,all solutions of the system(4.2) are uniformly bounded.
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