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Abstract

In this paper, the stability and boundedness analysis of a certain system of two nonlinear delay differential equations with
variable delay p(t) is carried out. By using the Lyapunov’s second method and Lyapunov-Krasovskii’s functional derived from
the differential equations describing the system which yielded a better stability and boundedness estimate to establish sufficient
conditions for the uniform asymptotic stability of the trivial solution and uniform ultimate boundedness of solution. These new
results improve and generalize some results that can be found in the literature.
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1. Introduction

The system of nonlinear delay differential equation to be considered is given by
X' =ay+qi(x(t—p(t)), y' =by+q(x(t—p(t) +p(t,x,y), (1.1)

where the constants a,b > 0 and functions qi, gz, p are continuous in their respective arguments. Also,
0<p(t) <1 p'(t) <0< e<1,and n, e > 0 are some constants, N will be determined later. The
functions qy, 2 also satisfy a Lipschitz condition in x.

Many authors have investigated the qualitative properties of solutions of various and more general
form of scalar delay differential equations of second and higher orders. For instance, see [1, 2, 12—
14, 16, 26]. In particular, some authors have contributed to the study of qualitative properties of solutions
of system of differential equations of second order without delay or delay being zero, for example, [8, 9,
22, 23], where they obtained results for stability, boundedness or both for the system considered while
few others for instance, [24, 25] obtained results for the nonlinear terms depending on either constant,
variable or multiple delay for stability and boundedness of solutions of system of differential equations
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which are quite different from the system (1.1). However, in the relevant literature, there is no work on
the qualitative properties of solutions of system of two nonlinear delay differential equations of the form
(1.1). So, it is worthwhile to investigate the stability and boundedness of solutions of (1.1). Special cases
of (1.1) (where the variable delay is absent) and p = 0 arising from the so-called Aizermann problem have
been investigated by [6, 10, 11] who extended the result of the former to a more general form to obtain the
stability of the zero solution. In almost all the papers mentioned, Lyapunov’s second method has been
used with the aid of suitable continuously differentiable scalar functions to establish their results. For
a more satisfactory result, one needs to construct a suitable complete Lyapunov-Krasovskii’s functional.
Unfortunately, the construction of this function remains a hard task (see [4]). Stability and boundedness of
solutions perform significant roles in defining the behaviour of solutions of fairly complicated nonlinear
physical systems arising from applied sciences such as after effect, equation with variable delay, time-
delay system and nonlinear oscillations, see [5, 19, 20]. More importantly, the study of nonlinear delay
system (1.1) will present some new beneficence to the qualitative theory of delay differential equations
and also some recent areas of mathematical ecology. See [3, 7, 15, 18].

The motivation for this work comes from the paper of [10]. The aim is to improve the result proved
in [10] for the uniform asymptotic stability of the trivial solution (when p = 0) and uniform ultimate
boundedness (when p # 0) of solutions of system (1.1) using a suitable Lyapunov-Krasovskii’s functional
derived from the differential equations describing the system. Results obtained are not only new but will
improve and generalize the results of [6, 10, 11]. An example is given to illustrate the effectiveness and
significance of the results obtained as well as provide geometric arguments to support our findings on
the behaviour of solutions of the system.

Now, we write the equation (1.1) as the following equivalent system:

t t
K = ay+q1(XJ+J ql(x(s))y(s)ds, y’ :by+QZ(X)+J Bx(s)y(s)ds +pltxy), (12)
t—p(t) t—p(t)

where ¢ and qj are continuous for all x with ¢;(0) = q2(0) =0.

2. Statement of result
The following is the theorem on uniform asymptotic stability of solutions of (1.1) when p = 0.

Theorem 2.1. Apart from the earlier declaration of q1 and qa, we also assume that there are constants §,v,L, M > 0
and av —bd > 0 such that the following conditions hold:

() ) > 5 abd 5y 2o,
(a2) lqi(x)I< L, [q5(x)I< M, for every x € R;

provided

2(b+8)(av—1bd) 2ab(1l— s)(b—i—é)(av—bé)}

< min ;
m { P 5v(Kka + K3 + kg)

with
ky = [b(b+68) + a(bv? —v)]L+ ab(1 +5v)M > 0,
ky = a(l— 5){ [(a+1b8%) +blav—bd)| M+b(1+ SV)L} >0,

ks =2[(b+8) + a(bv?> —v)+ab(l—¢)(1+ V)L >0,
ks = 2a[(a+bd%) +b(av—1b8) +b(1—¢)(1+5v)IM > 0.

Then, the trivial solution of (1.1) is uniformly asymptotically stable.
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2.1. Preliminary result

The tool in proving the result is the scalar functional V(t) = V(x¢,y) defined by

2V(t) L [

X
= J (aqz(d)—bql(G))dG—i-bzXZ—Zabxy+a2y2]

0
1
+5V[q%(x)—zsyqz(x)+62y2+(av—bé)yz] 2.1)
0 t 0 t
—|—2n1J J yZ(G)des+2n2J J yz(c)ddds,
—p(t) —p(t)

t+s t+s

where n,n, > 0 are constants that will be determined later.
The proof of Theorem 2.1 depends on the following lemma.

Lemma 2.2. Assume that the hypotheses (ai)-(az) of Theorem 2.1 hold, then there exists the constants D1, Dy > 0
such that
D1 (x* +y?) < 2V(t) < Da(x* +y?). (2.2)

Proof. Clearly, (2.1) vanishes for x =y = 0 and can be re-arranged as follows

J:(av - bq%c))cdc—i— J:( aqi(g) —av)odo + (bx — ay)z]

2V(t) = % [

t

0 t 0
+ 1 [(qz(x) —&y)* + (av—bé)yz] —|—2nlj J yz(cr)d(rds—l—ZnZJ J y?(o)dods.
ov —p(t) Jt+s —p(t) Jt+s
By the hypotheses (a1)-(az) of Theorem 2.1, we have that the terms
J (av—bq;m))(rd(r> (av—1b8)x*> and J (aqiw}—av)(rd(r>0.
0 0

It follows that

2V(t) > % {(av —b8)x% + (bx — ay)z] + 5% [(qz(x) —5y)? + (av—bd)y?

t

0 t 0
+2n4 J J y?(o)dods + 2n2J J y?(o)dods.
—p(t) —p(t)

t+s t+s

Since by Theorem 2.1, av —bd > 0 and the integrals 2ny fgp(t)f:+592(c)d0ds and

2n, fo_ o(t) f: ts y?(o)dods being non-negative, thus, it is evident from the terms contained in the above
inequality that there exists a constant D1 > 0 small enough such that

2V(t) = D1 (x* + 4.

In order to prove the right side of inequality (2.2), we consider the hypotheses (a;)-(az) of Theorem 2.1
and the fact that 2/x|[y|< x> +y?, yields for V(t) in (2.1) term by term,

2ablx|ly| < ab(x®+y?), 28lyllgz (x)| < 8v(x% +1y?),

g3 (x)| < V32, (aq2(0) —bgi(0))odo < (av —bs)x?,
q2 . q

0 t 0 t
2n1J J y?(o)dods < n1p?(t)sy?, ZnZJ J y?(0)dods < nop?(t)sy>.
—p(t) —p(t)

t+s t+s
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Thus,

ab ) bd v )

2_bd—2ab 1 1 b+8) &5—b
2V(t) < (aa+v(+b)>x2+(—1+a( +8) , +V+p2(t)s(n1+n2)>y2
D +v?),

2(x

where D3 = max {“Zbcfbmb +v(i+3)-1+a

(b;%s) +22 4 Y (t)s(ng + nz)}. We choose a con-

stant D, > 0, so that
2V(t) < Da(x* +12).

O

Thus, (2.2) of Lemma 2.2 is established, where D1, D, are finite constants. Next, we present the Proof
of Theorem 2.1.

Proof. Now, differentiating (2.1) with respect to t along the system (1.2) and after simplification we get

o X X X x2 X

av(t) 1 [ q1( ) q2(x) 2—|—abqZ(X)xz—bq%xz—bqu(x)xz}
dt ~ab

1
~ 3 {aéqé(x)yz + abvy? — bs%*y? — bzéyz]

t
+ [5|x|+ Ol (2 — V)l + (1+5v)|y|} mJ 4/ (x(s))y(s)ds
a a b t—p(t)

N L‘;m+62|y|+(av—bs)|y|+(1+5v)|x|]nzj By (s)ds
t—p(t
t
+(n1+nz)p(t)y2+(n1+nz)(1—p’(t))j 2(s)ds.
t—p(t)

By the hypotheses (aj)-(az) of Theorem 2.1, we have

d\;(c)g—alb[(b—i-é av— bé} [b—i—é)(av—b&)]yz
| 2 2l 7 ;)|x|+(1+zsv)|y|} [, aidsnyis)as

(2.3)

t
+ [;‘m T 82yl + (av —b8)lyl + (1 + fw)|x|] « J a5 (x(s))y(s)ds
t—p(t)
t

(1 4 m2)p(y + (1 4+ n2) (1 — o' (1)) J | ylslds
t—p(t

Using the hypothesis (az) of Theorem 2.1 and the fact that 2uv < u? +2, the term in (2.3) yields

S b > Vv t /
ol i (8 = D= (ol it yts)as

b+8 bvi—v L, b+ds bv2—v L[*
< t)5 5
(e B e (e P s

t

(4 5v)p(t) Sy 4 (14 svip(t) y(s)ds
2 2 Ji—p(t)
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and

[§|y|+62|y|+(av—b6)|y—(1+zw)|x|} xj 45 (x(s))y(s)ds

t—p(t)
a+ bs? M a+ bd? M [t
< [ ey —valetn Gyt (P av—ven Y [ ylslas
t—p(t)

t
-l—(1+6V)p(t)]\2/lx2+(1+6V)p(t)l\2/lL L yislds,
—pP

and (2.3) becomes

d\(;((t) < —% [(b +9)(av —bé)]xz - % [(b +0)(av —bé)]yz
r 2
Lioto b _V)L+(1+Z'>V)M}p(t)x2
2" a b
r 2
+ % (% + % +(av—0bd) )M + (1 +dv)L+2ny +2n2} p(t)y?
1[b+5 bv?—v , t )
+ 5 _( . + - JL+(1+86v)L—2n(1—p (t))} mey (s)ds
_ 2 t
—i—l ((H_b6 +(av—bé))M+(1+6V)M—2n2(1—p’(t))] J yz(s)ds.
20 b t—p(t)

By the assumption on p(t), p’(t), and choosing

b(b+38)+ a(bv? —v)+ab(l—¢)(1+5v)]L

™= 2ab(l—e) >0
and
7[(a—l—béz—l—b(av—bé))—i—b(l—s)(l—i—&v)]M 0
n2 = 2b(1—¢) =
thus,
dv(t) <— ! {2(b+6)(av—b6)—[(b(b+6)—i—a(bvz—v))L+ab(l—i—év)]M]n}xz
dt 2ab
2 _
—1{2(b+6)(av—b6)—6v[[a+b6 +blav—Db8)IM+b(1+&v)L
26v b
b(b+8)+a(dbv?—v)+ab(l—e)(1+5v)]L
+2
ab(l—¢)
[(a+bd%+blav—>bd)) +b(1—e)(1+5v)IM )
2 b(1—e) H”'
Choosing
. 2(b+6)(av—b6)'2ab(1—s)(b+6)(av—b6)}
n< mm{ ) T (ke 1 ks o Ka) /
where

ky = [b(b+8) + a(bv? —v)]L+ ab(1 +5v)M > 0,

ky = a(l— e){[(a+b62) +b(av—b8) M +b(1+ 6\/)]_} >0,
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ks =2[(b+8) + a(bv? —v) +ab(l—¢)(1+v)]L >0,
ks = 2a[(a+bd%) +blav—bd) +b(1—¢)(1+5v)IM >0,

we get

< —D3(x* +y?), (2.4)
for some D3 > 0. O
The conclusion of this proof follows by the same reasoning in [2, 21] using (2.2) and (2.4). This shows
that the trivial solution of (1.1) is asymptotically stable. Hence, the proof of Theorem 2.1 is complete.
3. Statement of result
The following is the theorem on uniform ultimate boundedness of solutions of (1.1), when p # 0.

Theorem 3.1. Assume that all the hypotheses of Theorem 2.1 hold and there exists a constant Ay > 0 such that

|p(t/x/y)| < AO/ (31)
then the solution of (1.1) is uniformly ultimately bounded.

Proof. fIn view of V(/1.2)/ when p = 0 in (2.4), we have for p # 0 in (1.1), along any solution (x¢,y¢) of (1.2)
to get for

Y D302 4y 10459+ (& 5 4 (v — b8)yllp(L %yl

By (3.1) of Theorem 3.1, we have

dv(t)

S —D3(x% +y?) + Da(Ixl+y)) Ao (x> +y?),

where Dy = max{(1+8v), § + 5% + (av —1bd)},

av(t av(t .
di ) ¢ —D3(x* +y?) + Da([x|+yl) Ao, di ) ¢ —D3(x* +y?) + V2D (x* +y?)2.
Moreover,
av(t
Y < Dy 4y D2 ), (3.2)

where D5 = v2D4A. Choose
(x> +1%)? > Ds = DsD; .

Inequality (3.2) implies that

dV(t) 2, .2
<-D .
0t 3(x° +y°)
So, we have a D7 such that
dv(t)
< _D 7
dt 7
provided x? +y? > D;D; 1. O

Thus, (3.2) satisfies the conditions of [2, Lemma 2.2] and [21, Lemmas 2 and 3]. The conclusion of
the proof of Theorem 3.1 may now be obtained by the use of inequalities (2.2) and (2.4) and an obvious
adaptation of the reasoning in [17]. Hence, we omit this part of the proof.
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4. Numerical example

Consider (1.1) in the form

0.01x(t —p(t))

x' =12y +0.2x(t —p(t)) + 112

4

(4.1)
0.01x(t—p(t)) 1
"=10y + 0.3x(t — p(t p
Yy = 10y 03t —plO) + = Y e e
with equivalent system of (4.1) as
0.01 t 0.01
x' =12y + <0.2x + X2> +J (0.2 + 2) ds,

1+x t—(p(t) 1+4%%(s) 42)

0.01x t 0.01 1
=10 0.3 — J 034+—-7-+—]d .
Y y+( X+1+XZ>+ t—(p(t)) +1+X2(S) S+1+t2+x2+yz

Comparing (1.2) with (4.2), it is easy to see that a =12 and b =10, and

0.01x 0.01x
q1 (X) = (OZX + 1—}—XZ> and qz(X) = <03X + 1+x2> .

It is obvious from the equations that

qlix)>o.2:5>0,x7éo, qziX)>0.3:v>0,X#0f
and
(av—bd) =1.6 > 0.
Also,

1q/(x) <021 =L and |g4(x)| <031 =M.

Since 0 < € < 1, choosing € = 0.5, we have
1 < min{0.54,93.01}.

If we choose 1 = 0.5, then p(t) < 0.5, if the delay is extended beyond this interval, the behavior of solution
of (4.1) may also be useful. Finally,

(t ) L < 1 <1
X = B X 1.
P Y 1+2+x2+y% ~ 1+1t2

Thus, all the conditions of Theorems 2.1 and 3.1 are satisfied. The trivial solution of (4.1) is asymptotically
stable and the solution of the same equation is ultimately bounded.

Figures 1 and 2 show that the solution (x{,y¢) of the delay system (4.1) is asymptotically stable
as t — oo and in Figure 3, the parametric plot of x(t) versus y(t) shows the trajectory of solution of
system (4.1) remains stable as t increases and the delay function causes the trajectory to be bounded as
t — oo. Figure 4 shows the direction field associated with the system (4.1) showing that the solution is
asymptotically stable for p(t) = 0.5, that is, the origin is a stable spiral. Figures 5 and 6 show that the
solution (x¢,y¢) of the delay system (4.1) is ultimately bounded by a single constant.
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System (4.1) System (4.1)
HoldForm[x, y] HoldForm[x, y]
3.0x10%} 4x10"}
2.5x10°
* 3x10'5)
outf+J= 2.0x10°F o —X
1.5x10%F 2x10'°[ —y
1.0x10°%F
1x10"}
5.0x10%f
2 4 6 8 10 200 400 600 800 1000

Figure 1: The plot of x(t) (in blue) and y(t) (red) satisfying Figure 2: The plot of x(t) (in blue) and y(t) (red) satisfying
the conditions of Theorem 2.1 if p(t) = 0.5 and p = 0 for the conditions of Theorem 2.1 if p(t) = 0.5 and p = 0 for

0<t<10. 0 <t < 1000.
Delay System 4.1
L 1.0F A A A =N 7 T
1200j L P ’///’\*‘V/V/r
' /ux%l& o
vy

, 7 /4 f A
1000:— 05; / ,,4:4/4/4//4/4 A ﬂ'q
I ol A M ” Yy

800 -

600 - outf= L 444 4
[ A A
400 - [ 4/4
L -0.5 4 4
b [ 4
/A4 / *
44 N w5 ¥ ¥ S

ol A A AN e s Sy sy ]

S S S B -1.0 -0.5 0.0 0.5 1.0
10000 20000 30000 40000 50000

200

X

Figure 3:. The parametric plot ‘?f x(t) versus y(t) satisfying  Figure 4: The direction field associated with the delay system
the conditions of Theorem 2.1 if p(t) = 0.5 and p = 0 for (4.1) satisfying the conditions of Theorem 2.1 and p(t) = 0.5
0<t<10cycleand 0 < t <1000 cycle. together with several solutions of the system.

4.x107"

3.x107

2.x107

. .
20 40 60 80

-14
— X[t] our = T.x10

Outf+]=
-1.x107"

A — Vit
D \/\r‘to_/“"ﬁo 80

-2.x107"
-1.x107"

-3.x107"
-2.x107"

-4.x107"

t
-3.x10"" Y[-]-

Figure 5: The boundedness of x(t) of system (4.1) satisfying Figure 6: The boundedness of y(t) of system (4.1) satisfying
the conditions of Theorems 2.1 and 3.1 with p(t) = 0.5 and the conditions of Theorems 2.1 and 3.1 with p(t) = 0.5 and
p#0QOast— oo. p#0Qast— oo.
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