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ON THE CONVERGENCE BEHAVIOUR OF
SOLUTIONS OF CERTAIN SYSTEM OF SECOND
ORDER NONLINEAR DELAY DIFFERENTIAL
EQUATIONS
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ABSTRACT. Convergence criteria for the solutions of certain
system of two nonlinear delay differential equations with con-
tinuous deviating argument o(t) using a suitable Lyapunov-
Krasovskii’s functional are established in this study. The new
result attained extends and updates some results mentioned in
the literature. A numerical illustration is given to show the va-
lidity of the result as well geometric analysis to describe the
behavior of solutions of the system.
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1. INTRODUCTION

We consider here system of nonlinear differential equations of the
form,

X=H()

Y = —0(X, Y)Y —W(X(t - oft) + P(t, X,Y),
where XY € R” are the unknown functions, H,¥ : R — R",
P :R"xR*" - R P:Rt xR"x R" - R" and H,P,¥, P are
continuous in their respective arguments. 0 < po(t) < &, (£ > 0),

o(t) <v,0<wv<1and ¢ value will be fixed later. Moreover, o(t)
is once continuously differentiable on R* and we also assume that

(1)
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the solutions of (1) exist and are unique. Equation (1) is the vector
version for the system

T = hi (Y1, 92, Yn)
i ==Y Dy — Vi1 (t — o(t)), (x2(t — o(1)).... (za(t — o(t)))

+pi (21,9, o T Y1y e Yn) (1=1,2,...,n)

in which @;;, are functions of x;,y;. If i = kK =1 and o(t) = 0, the
system reduces to the one studied by Tejumola [14] for boundedness
of solutions.

A lot of results have been obtained on the study of properties of
solutions of ordinary differential equations. The essence of these
properties of solutions is to characterize and describe the nature
of solutions of ordinary differential equations as well as the state
variables defining models of natural phenomena and dynamical sys-
tems. Moreover, properties of solution of delay differential equa-
tions are very vital in specifying the behaviour of solutions of fairly
complicated nonlinear systems arising from some fields of science
and technology such as after effect, nonlinear oscillation, biological
systems and equations with deviating arguments. (See, Cronin [6]
and Rauch [13]). Results abound for convergence of solutions for
various second and third order certain nonlinear scalar or vector dif-
ferential equations. (See for example, [9], [10], [11], [15], [16], [17],
[18], [19], [20] and the references cited therein). But with respect to
system of two nonlinear vector differential equations, only very few
results exist in the literature for the stability and boundedness of
solutions. (See for example, [12] and [8]). Scarce still, is the conver-
gence of solutions of certain system (1) with variable delay. Though
it goes without saying that studies on delay differential equation are
ubiquitous but system of two nonlinear delay differential equations
are less visible and rarely scarce. More specifically, system of the
form (1) has not been discussed in the relevant literature. This new
system will be of interest to researchers and scientists particularly
in the theory of motion in mathematical physics. It should be noted
here that results of special cases of system (1) where the deviating
argument is absent or delay being zero have been investigated by
few authors. (See, [12] and [8]).

Our motivation comes from [12]. Here, we consider a system of
the form (1) using a suitable Lyapunov-Krasovskii’s functional to
obtain new satisfactory criteria for the convergence of solutions of
system of delay differential equation. Analysis of such systems are
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quite difficult. The difficulty increases depending on the assump-
tions made on the nonlinear term with the deviating argument and
the necessity for a complete Lyapunov-Krasovskii’s functional. The
Lyapunov-Krasovskii’s functional for more satisfactory results are
well discussed in [5]. The result obtained is not only new but will
also contribute to the qualitative theory of systems nonlinear de-
lay differential equations. A numeric example is given to show the
application of the result and geometric display to describe the be-
havior of solutions under the criteria obtained.

We shall write equation (1) as
X=H()
Y = -®(X,Y)Y —¥(X) + /t (Jo(Xo),H(Yo))do + P(t, X,Y).
o )
The following is our main result

2. STATEMENT OF RESULT

Theorem 1: Given that ¥(0) = H(0) = 0, we assume that
O0g,0p,0s, A, Ap,Ng > 0 and 6, > 0 such that the following
conditions hold:

(i) the Jacobian matrices Jy(Y), Jy(X) and &(X,Y") exist, sym-
metric, commute pairwise and their eigenvalues satisfy
0<55<)\(J¢( ))<AS
0<dp < NPX,)Y)) < Ap
(i=1,2...,n)
(il) P(t, X,Y) satisfies
| Pt Xz, Vo) = P(t, X0 V)| < 6o{|[ X = X0 + [[Y2 = Y|} 2
for any X,Y € R", provided

. (OZ+B(SH)(SS (1—U)[(6P—CY)(SH—55HAH]
<< mm{ (a+B)As  20uAs(l—v)+ (On +a+ B)AséHAH}
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and 0, < p,
then any two solutions Xs(t), X;(t) and Ya(t), Yi(¢) of (1) neces-
sarily converge.

The function V(X;,Y;)

The Lyapunov-Krasovskii’s functional V' (X3,Y;) that will be used
to prove our result is defined by

W (X, Vi) = 2 / W (9X)X)d9 42 / (Y)Y )do
+20(X,Y) + 28X, H(Y)) )

+A /_ ;(t) /t;<H(Ya),H(YJ))dads,

for0<a<land0< g <0.1.

Using (3) above, we establish the following result.
Lemma 1. Given that all the conditions on H(Y),¥(X) and
@(X,Y) in Theorem 1 hold. Then, we have D; > 0 and Dy > 0
such that

Dy(|IX]P +Y[PP) < 2V(X,, Ya) < Do(IXIP + (IY]7) - (4)

for arbitrary X,Y € R".

Proof of Lemma 1:
Clearly V(0,0) = 0in (3) and V(X;,Y};) in (3) after re-arrangement
becomes

2V (X,,Y)) = (a2 X + 07Y,02 X + a?Y)
F(BEX + BIH(Y), 52X + B2H(Y))

49 / GOX) X9 — (X, X) — BLX, X)
49 /0 (H(oY)Y)do — BUH(Y), H(Y)) — alY. V)
+A t /t (H(Yo),H(Yo))dods.

—o(t) Jt+s

For each of the term of the above function, we obtain the estimates
by the same reasoning in [1], [2], [7] and (i) of Theorem 1, we have
that
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the term

HY)HY) = [ H oY), HOY )

9 /0 (Ju(0X), H(oY))do

= 2/1 /1€<JH(€Y)Y,H(O'6Y)Y>dO'dE
> A1;(5H|0|Y||2-
Then,
2V(X,,Y3) = (05 — o= B) X[ + (0 — o = B L 0n) [V
82X + B2HY )|+ a2 X + a2 Y |]?

L (5)
LA / / (H(Y o), H(Yo))dods,
—o(t) Jt+s
where
0s —a—p>0, dg—a—LAgdyg >0 (6)

and the integral

A /_ ;(t) /t;<H(Ya),H(YJ))dods > 0.

From (5), it is quite obvious that the function V' (X, Y;) defined in
(3) is definitely positive and V (X4, Y;) also satisfy the conditions of
[Theorem A and Theorem B, [4]] and followed the same reasoning
in [20].

Hence, there is a Dy > 0 small enough such that

2V(Xe, V) = Di(IXII° + [IY]]*).

The right side of inequality (4) of Lemma 1 follows by the same
reasoning in [1], [2], [7] and (i) of Theorem 1 if we choose from (3),
the term

2 /0 X)XV — /0 1 /0 91 U (0:95X) X, X)d0rd0,

) /0 HeY Vo — /0 1 /O 1Tt (0105Y VY. Y Yo dor
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Thus.
S$IXIP < [ W), X0 < AdlXP
sulYI? < [ (HEY). Yo < Sl
(X, H(Y)) = /0 (oYY, X)do

t

< / (Jn(0Y)Y, X)do
0

< Ayl XY

IN

1
S8 (X + 1Y)
)< IXNYT < (1X)2 + [Y]?) - and

t t
1
A/ / (H(Y o), H(Y0))dods < 2 Ao (t)s]Y |2
—o(t) Jt+s 2
It follows that,

1
2V(Xy, 1) (206 +a + BAR)IX]* + (284 + o+ BAL + §A523)HYH2

<
< Dy (IXIP+ IY]1)

where
1
Dy = max{2Ag5+ a+ BAy;2A + a+ Ay + 5/\525}.

Hence, (4) of Lemma 1 is established where Dy, Dy are finite con-
stants.

Proof of Theorem 1
We take (X1(t), Xa(t)), (Yi(t), Y2(t)) € R™ to be any solution of (1)
and let 2 = Q(t) be defined by

Q(t) = V(Xa(t) — Xi(t), Ya(t) — Yi(2)),

and V' is the function earlier defined in (3) with X, Y substituted
with Xy — X and Y5 — Yj respectively.
Following Lemma 1, we have D3 and D, such that

Ds([| X=X +[[Y2=Y1[*) < Q(t) < Da([| X=X +[Y2=Y1]1%).
(7)
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Next, differentiating €2(¢) with respect to t along the system (2)
we obtain,

Q(t) = _Ql - QQ + Qg + Q47

where

a+ Bom)Xo — X1, (X)) — V(X))

+

l\DI>—‘[\3|,_.

(«
{ (6r — a)Ys — Yo, H(Ya) — H(Y2)) — B{H(Y2) — H(Y:), H(Y:) - Hm»},

Qy 2<(oé + Bom) Xz — X1, ¥ (Xs) — ¥(X1))

54 (0r — Y2 = Vi HOR) — HOD) - BLH(Y) ~ (V) 1Y)~ H)

+ ((adp + Bopdn) Xo — X1,Ys — Y1),
Q3 = Ao(t)(H(Yz) — H(Y1), H(Y2) — H(Y1))

CA(L— (1) / (H00) ~ HYio), H(Y30) — H(¥io)
L (H(Y,) — HY), / | JolXe = X0)(0), H (o) — H(Vie)do
+<O./(X2 —Xl),\/; " J\I/(XQ_XI)(O-),H(}/QO-) —H(HU)>dJ

(B0 - %), [ | JolXa = X0)(0), H(Ye0) —~ H(Vie)do
and

Q= [(a+B0u) [ Xo=Xa[[+0u[Yoa— V1] P(£, Xz, Y2) = P(2, X1, Y1)
The following estimate exist by the same argument in [3],
1
LD(XQ) - Lp(Xl) = / Jw<X2 - Xl)(T’)dT
0

) (8)
H(Y;) — H(Y:) = /0 Ju(Ya — Vi)(s)ds

where 7 = pX; + (1 —=p)X5, 0 <p < Land s = ¢¥1 + (1 — ¢)Y2,
0<¢g<1.
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Using the hypotheses in Theorem 1 and (8), we get
1
0 > 5((& + B0m) Xo — X1, 0w (X2 — X1))

+ %{((513 —a)Ys = Y1,0p(Yo — Y1) — B00nAn(Ys — Y1), (Yo — m))}.
O > D5(|| X, — Xu|* 4 [|Y2 — Y1),

where Dy = %mm{(& + [0 )ds, (0p — @)y — BogApn}.

Q> ||li(adp + BOpdg)(Xa — X1) + 2711 (Yo — VY)|?
+ (27 + By)ds — [ (adp + Bpdn)*] (X2 — X1), (X2 — X1))

+ {27 (0p — @)dm — BonAn] — 47 H Yz — Y1), (Y2 — V1))

Qo > ||l (adp + Bopdw)(Xo — X1) + 27 Yy — V) |P
+ {2_1(Oé + ,35]{)(55 — l%(Ot(;p + /35P5H)2}||X2 — X1||2
{27 5 — o) — B — 472 Ys — i

If we set
(v + Bom)ds 1 }

12 = Zmi
1 2mm{ (adp + Bopon )2’ (0p — a)on — ROy

2, >0, VX,V e R"
In 3, we give the estimates for the following and using the fact

that 2[(P, Q)| < (IIP[|* + [|QI1%)

(H(Y) — H(Y}), / ol = X)), H(Yio) — H(Vie)do

dnlso(t)[[Y2 — Yil*

1 t
+5ouhs / (H(Ys0) — H(Y10), H(Yao) — H(Y10))do,
t—o(t)

<

N | —

(X — X)), /t_ | JolXa = X1)(0), H (Vo) ~ H(Yio))do
< Safso(0)] X — X
+30as [ ' {H(Yo) — H(Vi0), H(Yso) — H(Yio)do
t—o(t)
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(00530, [ I(s = X)), HOYao) = HYio)do

| =

< 5 BAse(D)||1Xz — Xu
%5&9/ ()(H(YQU) — H(Y10), H(Yz0) — H(Y10))do.
Thus
< %(a + B)Aso(t)]| X2 — X

1
+ §(§HAS + Ao Ap)o(t)| Yz — Yi|?

(s +ads + BAg — 201 — (1)) / (1 (YVoo) = H(Yi0), 1 (¥i0) = H(Yio)do

Using the assumption on o(t) and ¢'(¢) and choosing

(0m +a+ B)As
2(1 —v) >0,

A:

we have that

If we choose

1
Q3 < 5(04 + B)Asé|| X2 — Xu)?

1 5 AcdpA
+§(25HA5+(H+O;+5) kel H>§|yy2—y1||2.
(1-wv)

Now combining estimates Qy, Q,, Qg and Q, for Q(t), we get

00 < - 5{ (e + 830)ds - (a+ DA 1Xe - X7

1 og +a+ B)AsdgA
—5{(5P—a)5H—ﬁ5HAH—(25HAS+(H 2(1@@)5’{ HS}IIYQ—MII2

T {(a+55H)HX2 X+ 6uYa —m|}uP<t,X2,Y2> P XY

. (Oé—i‘ﬁéH)dS (1 —’U)[(ép—Oé)éH _6(SHAH]
o mm{ (a+B)As  2ouAs(l—v) + (0n +a+ 5)A35HAH}’

we have
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O(t) < — Dy(||Xs — X, | + Vs — i)
%ﬂﬁﬂ{w%—XW+m@ﬁﬂ%w&—XMMWE—HWﬁ}
where Dg > 0, D7; > 0 are finite constants.

Ot) < —(Dg — 226,D7) (| X2 — Xi|* + [|Ya — Vi ]?)
So that
Q(t) < —Ds(| X1 — Xa|* + |1 — Ya?) (9)

where Dg = (Dg — 2%50D7) provided 6, < p where p is a suffi-
ciently small positive constant and the fact that €2 basically satisfy
the conditions of [Theorem A and Theorem B, [4]] and followed the
same reasoning in [20].
In view of (7), (9) implies that

O(t) < Dy, (10)
where Dy = DgD;* > 0.

Integrating (10) between ¢, and ¢, we have that
Q< Q(t,) exp(—Dy(t — t,)), t>1,

which implies that Q(t) — 0 as t — oo.
By (7), it shows that

|Xo — Xi|| = 0 and ||Y2—Yi|| =0 as t > o0c0. O

NUMERICAL EXAMPLE

Consider the system (1) for n = 2 in the form,
X=H()
Y = —d(X,Y)Y —0(X(t—o(t)) + P(t,X,Y),

WhereX:(JC1 ) , Y:(y1 ),
T2 Y2
_ ([ Ay +2
)
3x1(t — o(t)) + 292 >
l[/ X — 1+12x1
0= (i~ o + 2 )

(11)
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(242t} 0

1
and P(t,X, Y) — ( 1+t2+1:p2+y2 )
Thus,

- (49)

_ ([ 12+3(-0.2+1) 0
and Jy(X) = ( 0 16 +4(—0.2+1) >

Clearly, Jg(X), Jy(X) and ¢(X,Y) are symmetric and commute
pairwise. That is,

Ju(X)P(X,Y) = (X, Y) Ju (X)),

Ju(X)Jo (X) = Jo(X)Ju(X),
Ji(X)B(X,Y) = B(X,Y)J(X).
We obtain the eigenvalues of the matrices Jy (X)), Jy(X) and ¢(X,Y)
as follows

and

We choose o = 0.4, § = 0.06 and
53—04—5211.54>0, 5H—@—5AH5H:216>0

If we take o(t) = then 0 < 5 < ¢

2t2+4 ’

and that o' (t) = < wv. We choose v = 0.5, so that

(2t2 +4)

&< mm{3, 0.24}.

It follows that |o(t)| < 0.20, if the delay is increased beyond this
range a discontinuous function of ¢ appears which may lead to chaos.
Thus, all the conditions of Theorem 1 are satisfied. Therefore, ev-

ery solution X(t) — (28 ) v = (538 ) of (1) are

convergent as t — oo.
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3. CONCLUSION

In this study, the convergence behaviour of solutions of certain
system of second order nonlinear delay differential equation was
carried out. New sufficient conditions on the convergence of solu-
tions of the system of delay differential equation was established
using the Lyapunov’s direct method. Numerical and geometrical
analysis were given in system (11) which satisfies all the conditions
of Theorem 1 and (6). This new result significantly improves those
available in the literature as well as contribute to the qualitative
theory of systems nonlinear delay differential equations.
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Out[-]=

HoldForm[X, Y]

20

System (11)

P

)

FIGURE 1. The plot of X = {z1(t),z2(t)} (in red
and blue) respectively and Y = {y1(t),92(t)} (in
green and pink) respectively satisfying the conditions
of Theorem 1 and (6) if o(t) = 0.1 as t — oc.

Out[«]=

HoldForm[X, Y]

System (11)

200
L - X1
100}
L — X2
N [ V]t
0.2 0.4 0.6 1.0 _13,
-100F
-200F

FIGURE 2. The plot of X = {z1(t),z2(t)} (in red
and blue) respectively and Y
green and pink) respectively satisfying the conditions

of Theorem 1 and (6) if o(t) = 0.24 as t — oc.

{y:1(t),12(t)} (in

165

Figure 1 and Figure 2 show that the solutions X = {x1(¢), z2(t)}
and Y = {y1(¢),y2(t)} are convergent and in Figure 3 chaotic func-
tion of t appear for o(t) = 3.0 and Figure 4 show the vector plot
associated with the system (11) showing that the solutions are con-

verging.
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System (11)
HoldForm[X, VY]

6x10%7 |

[ X

4x10%7 [ !

outf+]= [ —_ X5
67

2x10 : —

—— ‘ yat

i 2 4 6 8

-2x10%}
-4%10% |

FIGURE 3. The solutions X = {z(t),x2(t)} and
Y = {wi(t),y2(t)} are discontinuous and appear to
be chaotic if p(t) = 3.0

HoldForm[1 X_, 1Y_]
2JLAA‘A‘LLAAAAA
A R R TR AL AU AL AL AL AL AL AL 3}
e S e O O " " VY
[ A A SAUAU A AL R \ \ 'Y
]7~~>~~>~~>~~>\>\>\\\\\ RN * ‘ N\
e e i i S N N Y )
| o A A Y \ NN -
| A A Al Y \ \ \ X

Outf+]=

FAT RN NN N

/**4///¢¢¢444¢ %v
| s gy ///¢¢¢¢¢Vv,
//// Y Yy rvvvovvrv.

/////%?Vvv,
I /////%/ Y orovov.
/ /////fvrvvf
f//////ffff‘yrvvvv‘

N

X

FIGURE 4. The vector plot associated with the sys-
tem (11) satisfying the conditions of Theorem 1 and
(6) together with several solutions of the system.
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