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Instability of solutions for nonlinear functional
differential equations of fifth order with n-deviating
arguments
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Abstract. In this paper, we study the instability properties of solutions of a class of
nonlinear functional differential equations of the fifth order with n-constant deviating
arguments. By using the Lyapunov-Krasovskii functional approach, we obtain some
interesting sufficient conditions ensuring that the zero solution of the equations is
unstable.
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1 Introduction

In 1990, Li and Duan [6] proved some instability theorems for the nonlinear
differential equation of the fifth order without delay,

5) —I—f5(:L'”/)33(4) —|—f4(:L'”):L'”/—|-f3(:L'”) +f2(ZL'/) —I—fl(ﬂj) —0. (1)

Later, in a recent paper, Tung [15] improved the results obtained for Eq. (1) to
the nonlinear differential equation of the fifth order with a constant delay 7,

5) 4 f5(x'”)ac(4) + fa(@M2" + fa(z,x(t — 1), ..., a:(4),ac(4) (t—r))z”

+fo(2'(t = 7))+ fi(z(t —7)) =0.

In this paper, instead of these equations, we consider the nonlinear differential
equations of the fifth order n-constant deviating arguments 7;,

5) 4 f5(ac’”)x(4) + fa(2)2" + fa(x, 2t —71)s ey (t —T0), oo x(4), ey @ (t—71n))a"

—I—E:gZ (t—m) +Zh (t—m7))=0. (2)

We write Eq. (2) in the system form as follows
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v o= —fs(w)u— f1(2)w — f3(z, .t — ), Uy s u(t — )2

+3° [ Ha@)ws)ds, 3)

where 7; are positive constants, n — fixed deviating arguments, the primes in Eq. (2)
denote differentiation with respect to t,t € 1, Ry = [0,00); f5, f1, f3,9; and h;
are continuous functions on R, R, R?"*2 Rand R, respectively, with h;(0) = ¢;(0) =
0, and satisfy a Lipschitz condition in their respective arguments. Hence, the exis-
tence and uniqueness of the solutions of Eq. (2) are guaranteed (see El'sgol’ts [1],
pp. 14, 15). We assume in what follows that the functions f; and g; are also dif-
ferentiable, and x(t), y(t), z(t), w(t) and u(t)are abbreviated as z, y, z, w and wu,
respectively.

To the best of our knowledge from the literature, so far, the instability of solu-
tions for nonlinear differential equations of the fifth order with multiple deviating
arguments has not been investigated. However, since 1978 up to now, the instability
of solutions of various nonlinear scalar and vector differential equations of the fifth
order without or with a delay has been investigated and is still being studied by
researchers. In particular, for some results proceeded on this topic related to these
type equations, the reader can refer to the papers of Ezeilo [2]-[4], Li and Duan [6],
Li and Yu [7], Sadek [8], Sun and Hou [9], Tiryaki [10], Tung [11]-[17], Tung and
Erdogan [18], Tun¢ and Karta [19], Tung and Sevli [20]. In all these papers, the au-
thors used some suitable Lyapunov functions or functionals as basic tool to achieve
their proposed goal in the works. They also based on the Krasovskii’s properties
(see Krasovskii [5]) to study the instability of solutions of the equations considered
therein. In this paper, we employ the Lyapunov-Krasovskii functional approach to
investigate the subject for Eq. (2) by defining two new appropriate Lyapunov func-
tionals. In fact, when we take into consideration the differential equations of the
fifth order discussed in the above mentioned papers and the literature, it can be
seen that all the equations studied there do not include or include only a deviating
argument. However, this paper includes n-deviating arguments and is a continuation
of the instability results related to the scalar nonlinear differential equations of the
fifth order mentioned above (see Ezeilo [2]-[4], Li and Duan [6], Li and Yu [7], Sun
and Hou [9], Tiryaki [10], Tung [14]-[17]). The researches related to the instability
of solutions are also very important in the theory and applications of differential
equations, and the investigation of this topic for nonlinear differential equations of
the fifth order with multiple deviating arguments takes an important place for the
researchers work in this area. This work makes a contribution to the existing studies
made in the literature.
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Let r > 0 be given, and let C = C([-7,0], R") with

¢l = max |é(s)|, ¢ €C.

—r<s<0
For H > 0 define Cy C C by
Cn=A{0eC:|¢| <H}

If x: [-r, A) — R" is continuous, 0 < A < oo,then, for each ¢ in [0, 4), x; in
C' is defined by
zi(s) =x(t+s),—r<s<0, t=0.

Let Gbe an open subset of Cand consider the general autonomous delay differ-
ential system with finite delay

t=F(zy), ze=zt+0), —r<6<0, t=>0,

where F'(0) = 0,F : G — R" is continuous and maps closed and bounded sets into
bounded sets. It follows from the conditions on Fthat each initial value problem

t=F(x), mo=¢€QG,

has a unique solution defined on some interval [0, A),0 < A < oo. This solution will
be denoted by z(¢)(.)so that zo(¢) = ¢.

Definition 1. The zero solution, z = 0, of & = F'(z;)is stable if for each € > 0 there
exists 0 = d(e) > 0 such that ||¢|| < J implies that |z(¢)(t)| < € for all ¢ > 0. The
zero solution is said to be unstable if it is not stable.

2 Main results

The first result of this paper is the following theorem.
Let 7 = max7;, (i=1,2,....,n).

Theorem 1. In addition to all the assumptions imposed on the functions fs,  fa, f3, g;
and h; appearing in Eq. (2), we assume that there exist positive constants
as, b;, b; and ¢; such that the following conditions hold:

hi(0) = gi(0) =0, hi(z)#0, (z#0),9:i(y) #0, (y#0),
—b; < hi(x) < —b;, 0<|di(¥)] < iy fs(w) <O

for all x, y, w and

forall z, ..., u, ...u(t —Ty).
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If
T< 2min{%, #}7
b (b +20)
=1

then the zero solution of Eq. (2) is unstable.

Proof. Define the Lyapunov functional V' = V (x4, y4, 2¢, wy, uy) :
! w z Yo,
V= §w2 —zu — z/f5(s)ds - /f4(8)8d8 - /Zgi(s)ds
0 0 o =1

n t

—yghi(x) ZA// deds—zm// (0)dods,  (4)

—7; t+s —T; t+s

0
where s is a real variable such that the integrals Z)\ J f y%(0)dfds and
=1 —7; t+s

0t
Z wi [ [ 22(f)dfdsare non-negative, and A\;and p;are some positive constants
=1 —7; t+s
which will be determined later in the proof.

It is clear that

1
V(0,0,0,¢,0) = 552 >0

for all sufficiently small e. Hence, in every neighborhood of the origin,(0,0,0,0,0),
there exists a point (0, 0,0, ¢,0) such that V' (0,0,0,e,0) > 0,which shows that V has
the property (K1), (see [5]).

By a direct computation from (3) and (4), we obtain

Zh/ )y + f3(, e 2t — 70), U, s ult — 7)) 23
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The assumptions of Theorem 1 and the estimate 2 |mn| < m? + n? imply

- zn: hi(x)y? > z": biy?,
i=1 i=1

f3(y ey (t =T, ey Uy ey u(t — 7)) 2% > 322,

Z_lt—T
n n t
1 - 9 1 - 9
= ) (biTi)2” — B) sz’ y=(s)ds
i=1 =1 7
and
=Y [ dwe)eds >~ 1Y [ o) )] ds
7‘:1t—T 7‘:1t—T
.t
> 12> / o |2(s)| ds
Z_lt—‘l'i
n n t
1 1 )
> —3 (c;mi)z* — 3 Z ci z2°(s)ds
i=1 i=1 t=m;
so that
d " n _
—V =Y (b — Nim)y® + {az — 27" Z (ci + b; + 2u)7i }2°
dt i=1 i=1
" ¢ ¢
+Z()‘i_2 ;) / ds—i—Z / 22(s)ds.
i=1 t—T7; t—T7;

Let \; = %Bi, i = écz and 7 = maxT;, (i =1,2,...,n). Hence, we have

3

d

17 1
av (bi — 27 i)y + {az — 27 Z (b; + 2¢;)7}2%

; =1

T<2min{% HL},
LN (b 4 2¢)

=1

[y

If
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then

n n

Z bi — 27 07)y? + {az — 2~ IZ bi 4 2¢;)7T}2% > 0,
i=1 i=1

which verifies that V' has the property (K2), (see [5]).

d
On the other hand, EV = 0 if and only if y = z = 0, which implies that

y=z=w=1u=0.

Besides, by h;(0) = ¢;(0) = 0, h;(x) # 0 for all = # 0,¢;(y) # Ofor all y # Oand
the system (3), we can conclude that %V =0ifandonlyifr=y=2=w=u=0.
Thus, the property (K3), (see [5]), holds. By the above discussion, we conclude that
the zero solution of Eq. (2) is unstable. The proof of Theorem 1 is completed. [

Example 1. We consider the nonlinear differential equation of the fifth order with
two deviating arguments,

5) 1

2
71 @ 2@ 4+ 92" + {2 + exp(— 22— (t — 1) —2%(t — 7))}

x(
+sing/(t — 1) +sina’(t — ) —x(t — 1) — z(t — 72)

—darctgx(t — 1) — arctgz(t — 72) = 0. (5)
We write Eq. (5) in system form as follows

! __ /I __ !/ _ /I
r =1, Yy =z, =W, W =1Uu,

’ u

_ 2
u —m—%} {2 +exp(—a? — 22(t —71) — 22(t — ™) }2

t

n j cos y(s)2(s)ds + / cos y(s)2(s)ds

t
1
—4 / 1 T x2 dS — / my(S)dS

It follows that Eq. (5) is a special case of Eq. (2) and

faw) = ——1 <,

14wt ™
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f4(Z) =9
fa()=2+ exp{—x2 — :E2(t —7) — :E2(t —T)} =2 =as,
T T
= g —— <y< =,
fa(y) = siny, 5 SYS 3
f2(0) = 0,4, (y) = cosy, |cosy| < 1= e,
(y) i Te<y<t
=siny, —— < —,
92\y Y, 5 S B
QAWZQ%(%JWMK%Mélz@,

hi(x) = z + darctgz, —5 <z<l

27
h1(0) = 0,h)(z) =1+ 1
1 — U, 14 - 1+$2,
by=5>1+ 1 >1=0b
1= = 1—|—.Z'2/ == U1,
ho(x) = x+arctg:1:,—g <z< g,
ha(0) = 0, hly(z) =1+ L
2 — U, 1y - 1+$2,
by=2>1+ ! >1=0b
2 = 1—|—.Z'2/ — 02,
b; 4
7 < 2min{ -, s P =—.

11

ST+ 2¢)
1=1

In view of the above estimates, we conclude that all the assumptions of Theorem 1

hold. Hence, if 7 < 11, then the zero solution of Eq. (5) is unstable.

Second, we consider the special case of Eq. (2) with ¢;(2'(t — 7)) = fa(2'),
namely, the differential equation of the fifth order n-constant deviating arguments 7;,

5) 4 f5(:1:’”)x(4) + fa(@Ma" + f3(z,x(t —71), oy x(t — T, ey @, 2@ (t—7n))2"

+ fo(z +§:h (t—7)) =0.

We write Eq. (6) in the system form as follows

/ / / /
r =1, Yy =z L =w,w =1u,

/

o= —fs(w)u — fa(2)w — fa(x, .., x(t —Tn)y ey Uy ey u(t — 1)) 2

(6)
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B = 3 k() + > [ a()us)ds (7)

i=1 i=1,7

The second result of this paper is the following theorem.
Let 7 = max7;, (i=1,2,....,n).

Theorem 2. In addition to all the assumptions imposed to the functions f5,  fa, f3, fo
and h; that appearing in Eq. (6), we assume that there exist positive constants
as, b; and b; such that the following conditions hold:

hi(0) = f2(0) =0, hi(z) #0, (z#0),fa(y) #0, (y#0),
bi > hi(x) = by, f5(w) >0
for arbitrary x, y, w and
fa(x, oy x(t — 1)y oy Uy ey u(t — 7)) < —asg

forall x,...; u, ..., u(t —1y).

If

T < 2min{%,

) Z l_)z
then the zero solution of Eq. (6) is unstable.

Proof. Define the Lyapunov functional Vi = Vi (x¢, y, 2¢, we, ug)

Wi = —lw2 + yZhZ(x) + zu + z/f5(s)ds
=1 0
z Yy n 0 t
—i—o/f4(s)sds+0/f2(s)ds—;’yi_/ t! y?(0)dbds, (8)

n 0 t

where s is a real variable such that the integrals > v; [ [ y?*(0)dfds are non-
=1 —7; t+s

negative, and ; are positive constants which will be determined later in the proof.

Let M = max|f4(z)|, there exists a positive constant esuch that Me < 1 and
|z|<1
0<e<l

Then, it follows that

e2

1
V1(0,0,€2,0,e) = €3 —|—/f4(s)sds > b — §Me4 >0
0



INSTABILITY OF SOLUTIONS FOR NONLINEAR FUNCTIONAL DIFFERENTIAL ... 11

for all sufficiently small e. Hence, in every neighborhood of the origin,(0,0,0,0,0),
there exists a point (0,0, e2,0,e) such that V1(0,0,e2,0,¢e) > 0.

By an elementary differentiation, time derivative of the functional V; in (8) along
the solutions of (7) yields

_V1 Zh/ 2)y? — f3(xy ey @t — Tp)y oy Uy ooy u(t — 7)) 22

t—Ti

The assumptions b; > hl(x) > b;, f3(.) < —azand the estimate 2 |mn| < m? +n?

imply that
n n
D hi@)y® = by’
i=1 i=1
—f3(x, ..., u(t — Tn))2’2 > asgz?,

oY [ wtaeDu)s = oY [ )] lus)lds

so that

—V>Z — i)y + (a3 — 27 IZZ)TZ

=1

n t
+3 (27 / y?(s)ds
i=1 t—T;

Let v, = %l_)i and 7 = max7;, (i =1,2,...,n).Hence

n

d —17 2 -1 — 2
dtv ;(bz 2710 m)y? + (a3 — 2 ;bn)z
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If
T < 2min {%, :3 },
i=1
then

d

—17 2 -1 7 2
EV > ; (bi —27°b;m)y* + (a3 — 2 ; biT)z* > 0.
The remainder of the proof follows as before, Theorem 1. O

Example 2. We consider nonlinear differential equation of the fifth order with two
deviating arguments,

5 4 2 2 2
ﬂ>+f¥@ﬁﬁﬂ>+x”—8+fMWﬂr—w&—n)—wﬁ—wﬂf'

+2'(t) — z(t — 1) — darctgz(t — 1)

—z(t — 1) — arctgx(t — 12) = 0.

We write Eq. (9) in system form as follows

r = Y, Yy = Z,Z/: w,w’—

/

: ﬁw‘l —w+ {3+ exp(—2? — 2%t — 1) —ui(t — )}z

—2y 4+ x + darctgx
¢ ¢ .
_ _4 -
/ y(s)ds / T :Ez(s)y(s)ds
t—71 t—71
t ¢
— / (s)ds — / _ (s)ds
Y 14 22(s) 74
t—7o t—7o

It follows that Eq. (9) is a special case of Eq. (2) and

1
=———20,
14wt

faz) =1,
—3—exp{—2? —2X(t—7)—2*(t —m)} < -3
f2(y) =y, f2(0) =0,

hi(z) = x + darctgz, —g <z < g,

f5(w)

f3() = =

—as,
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4
¥ =14+—-
1(‘T) +1+x27
by =5>1+ 1 >1=0b
1= 9= 1+$2/ — U1,
ho(x) = x—l—arctga:,—g <z < g,
1
/ _
2($) 1+1+$27
by =2>1+ ! 1=5b
2 = 1—|—LZ'2/ 2-

In view of the above estimates, we conclude that all the assumptions of Theorem
2 hold. Hence, we conclude that if 7 < %,then the zero solution of Eq. (9) is
unstable.
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