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ABSTRACT. In theory applications of second order integro-differential
equations, it is crucial to investigate qualitative features of solutions
such as stability, boundedness, and etc. There is an extensive litera-
ture regarding these qualitative behaviors of solutions of second or-
der ordinary differential equations. These qualitative properties of
solutions of second order ordinary differential equations have been
extensively studied in the literature. Despite this case, the litera-
ture on these qualitative aspects of second-order integro-differential
equations is somewhat limited. In this paper, we obtained some
new criteria for the stability and boundedness of solutions to a cer-
tain second order nonlinear integro-differential equation (IDE). By
defining and then using a suitable Lyapunov function (LF), we are
able to establish the asymptotic stability and boundedness of solu-
tions of that IDE. In particular cases of the IDE, two examples on
the stability and boundedness of solutions are given. The results
of this study extend and improve some recent results of the liter-
ature and have new contributions to the qualitative theory of IDEs.
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1. INTRODUCTION

As we know from the pertinent literature, ordinary differential equa-
tions (ODEs) of second order have a wide range of real-world applica-
tions. For some applications, see, for examples the books of Ahmad
and Rama Mohana Rao [4], Bellman [6], Burton [9], Reissig et al. [16],
Yoshizawa [24]. Indeed, there is an extensive literature on the qualitative
behaviors called stability, boundedness, convergence, etc. of solutions
of ordinary differential equations of second order, see, for instance, the
papers of Adams et al. [1], Adeyanju ([2],[3]), Athanassov [5], Bihari [§],
Burton and Grimmer [10], Chang [11], Gozen [12], Graef and Spikes [13],
Hatvani[14], Lalli [15], Sugie and Amano [17], Tung ([18] [19]), Tung and
Tung ([20],[21]), Wong [22], Yang [23], and Zarghamee and Mehri [25].

We will now summarize briefly a few works on the stability, bound-
edness, etc. of certain ODEs of second order.

In 1969, Lalli [15] discussed stability and boundedness of solutions
of the following ODE of second order for the homogeneous and non-
homogenous cases, respectively:

(r(t)) + a(t) f(u)g(u') = q(t).

Later, Zarghamee and Mehri [25] gave some results on the stability and
boundedness of solutions to a class of second order differential equation
of the form:

d
pn (r@t)u’) + a(t) f(w)g(u') + b(t)h(uw)m(u') = 0.
In a recent paper, Adams et al. [1] derived some sufficient criteria for
the stability and boundedness of solutions to the below second order
nonlinear differential equation when p(t,z,2') = 0 and p(¢,z,2') # 0,
respectively:

2 +b(t)f(x,2") + c(t)g(x)h(z") = p(t,z,2).

In Adams et al. [1] , a suitable Lyapunov function is used as a basic tool
to prove the results therein.

In this paper, inspired by the aforementioned works, especially by the
results of Adams et al. [1] and that can be seen in the references of this
paper, and in the database of the relevant literature, we will dealt with
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second order nonlinear IDE as follows:

o +a(t) f(t, 2z, 2") + b(t)g(x)h(z) + c(t)gr(2") + d(t)ga(x)
= / K(t,s)z'(s)ds + p(t,z,2'), (1.1)
0

where a,b,c,d € C(R",(0,00)), R = [0,00), f € C (R x R*,R),
f(t,2,0) =0, g, g1, g2, h € C(R,R), g(0) = 91(0) = g2(0) = 0, p €
C(R" x R*,R), and K € C (R* x R*,R). The aim of this study is to
investigate the stability and boundedness of solutions to the IDE (@)
for the cases p(t,xz,2') = 0 and p(t,z,z") # 0, respectively. The basic
technique in the proofs will be a suitable new Lyapunov function to
prove the new results of this study. Hence, we will improve and extend
the recent results of Adams et al. [1] and do new contributions to some
results of the above sources.

2. PRELIMINARIES

We will have an occasion to use the following well-known lemma due
to Bellman (see [Ahmad and Rama Mohana Rao [4],see also Bellman
[6]), which is also known as Gronwall’s inequality.

Lemma 2.1 (Gronwall-Reid Bellman inequality). Let ¢ be a nonnegative
constant and let u and v be nonnegative continuous functions on some
interval tg <t < tg+ a satisfying

u(t) <c+ /t u(s)v(s)ds,t € [to,to + al.

to
Then, the inequality

u(t) < cexp[/t v(s)ds],t € [to + to + al,

holds.

We will now consider the differential system as follows:
X'=F(X), (2.1)
where t e RY, X € R", F € C(R" x R",R") and F(t,0) = 0.
Theorem 2.2 (Yoshizawa [24]). Assume that there exists a function

V(t,X) defined for t > 0, |X| < (5 is a positive constant) continuous
with the following properties:
(i) V(t,0) = 0;
(ii) V(t, X) > a(|X]|), where a(r) is continuous and monotonically
increasing, a(0) = 0;
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(iii) V'(t,X) < —¢(|X]), where ¢(r) is continuous on [0,6] and pos-
itive, and if F(t, X) is bounded, then zero solution of FEq. (@)
is asymptotically stable.

3. MAIN RESULTS

Let 2’ = y. Subsequently, we transform the IDE (@) to the equiva-
lent system as follows:

¢
+ /K(t, s)y(s)ds. (3.1)
0

Basic Assumptions
The following are the basic assumptions to formulate the qualitative
results for the IDE (EI)

(C1) Let ag, by, co and dy be positive constants such that a(t) > ag >
0,b(t) > b, c(t) > co,d(t) > do, d'(t) <0 and (t) <0, ¢ 6 R*,
g(x) >0, (x #£0), z € R, g(0) =0, where a, b, d € C(RT,R"),
g€ C(R,R), ce CY(R*,RT);
(C2)
f € C(R+ X RZ,R)? g2 € C(Ra R)? h: g1 € C(R7 R)a

(C3)

F(t,2,0) =0, (t,2,y) € R x B2, g1(0) = g2(0) = 0
(C4)
91(y) > a, (y#o),QQ(a}) >, (z#0),
Y x
a, 7>03 «, ’YER’:E’yER;
(C5)
(C6)

t
/\Kutydu<K0,/ths\ds<K1,K0, K, >0,teR*.
0
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(C7)
1 1
_§K0 +a(t)n + c(t)a — §K1 +b(t)Bg(x) > 6,0 > 0.

First, we establish the stability result of this study when p(t,z,2’) =
0.

Theorem 3.1. In addition to the conditions (C1)-(C6), we assume that

there exists a positive constant & such that limc(t) = £. Then, the zero
t—o0

solution of the system of IDFEs (@) is asymptotically stable in the sense
of Lyapunov.

Proof. We define the Lyapunov function:

T

1 1 t oo
V(t,z,y) = d(t) [ ga(s)ds + 5y* + 5 |K (u,5)| 5 (s)duds  (3.2)

0
In view of the conditions (C1), (C4) and (C6) we get
1 1
V(t,,y) > Sdoya® + Sy

Z Al (1'2 + y2)7
where A; = min {%dofy, %}
Let V' = %V(t,x,y). By differentiating the Lyapunov function (@)
with respect to t along the system of IDEs (B.1)) we have :

xT

1
V':d’(t)/ 9(s)ds + d(t)x' ga(x) + = /|Kut|y

0 t

N |

t
1
~ 5 [ ds +
0

—d'(t) [ ga(s)ds + d(t)ygalx / K (u, )] 2t

K (t, 5)|y*(s)ds — a(t)yf(t, z,y)

1
2

= b(t)g(x)yh(y) — c(t)yg1(y)

Ot — s T —

~ dltgn(e) + v [ K(t.y(s)ds,
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Using the conditions (C1)-(C6) and the inequality 0 < (x — y)?, we have

¢
1
V<= d’( Yyx? + y /|K u, t) |du2/‘K(t,s)y2(s)d5’

t
—altymy? — b(E)g(@) By — et +y / Kt
0

1 1 1
Sid’(t)’mQ — b(t)g(z)By* + iyzKo —a(t)ny® — c(t)ay® + 5@/2}(1

1 1 1
<5d (e + [5Ko — a(t)n — e(t)a + S K1 = b(t)Bg(x)]y”

1
Sid/(t)’YxQ — 6y
<0.

Thus, all the conditions of Theorem @ hold. Thus, the zero solution
of the system of IDEs (@) is asymptotically stable. Thereby, this com-
pletes the proof of Theorem

Second, we will give the boundedness result of this study when p(¢, z, 2’) #
0. O

Theorem 3.2. Let us assume that the conditions of Theorem @ hold

except f(t,x,0) =0, h(0) =0 and ¢1(0) = ¢g2(0) = 0. In additions, we
also assume that

o0
Ip(t, z,y)| < e(t) > 0,/6(8)d8 < 00,
0

where e(t) € LY(0,00) and L'(0,00) is a space of integrable Lebesque
functions. Then , there exists a positive constant As such that all solu-
tions (x(t),y(t)) the system of IDEs (@) satisfy

[z(t)] < A3, Jy(t)] < As
forallt € R, Rt =[0,00).

Proof. To prove Theorem @, we use Lyapunov function V (¢, z,y) which
is given by the Eq. (@ ._For the case p(t,z,y) # 0, and applying the
assumption of Theorem B.1|, we can revise the result of Theorem as
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follows:

1
SV, ,y) <pd (ta® — 5y + yolt, @, )

1

§§d’(t)7x2 — 0y* + ye(t)

1

<od' (e = dy* + [yl e(t).

Using the in quality |y| < 1+ 32 and the condition |p(t,z,y)| < e(t), we
get

d 1
SVt z,y) <od (B)ya® = oy* + (1+y7)e(t)

g%d’(t)fny — Oy + (14 ATV (1,2, p))e(®)

<L+ ATV (t @, y))e(t)
=e(t) + AV (¢, 2, y)e(t), (3.3)

where 7? < AflV(t,x,y). Integrating the inequality (@) from 0 to t
and using the Gronwall-Bellman lemma, we have

t t t
/V’(s,x,y)ds < /e(s)ds—i—/Al_lV(s,m,y)e(s)ds
0 0 0

so that

V(t,z,y) <V(0,2(0),y(0)) + e(s)ds+/AIIV(s,m,y)e(s)ds
0

<V(0,2(0),5(0)) +

/
76(S)d8 + /OOAl_l‘/(s, x,y)e(s)ds
0 0

<[V(0,(0),y(0)) + Blexp (A, 'B), (3.4)

where B = [ e(s)ds.

0
In view of the inequalities
1 1
V(t,2,y) > Sdoya® + 5y

and

V(t,2,y) < [V(0,2(0),y(0)) + Blexp (A1 B),
we _can conclude the boundedness of all solutions of the system of IDEs
(@) Thereby, the proof of Theorem is now complete.
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We will now present two examples in particular cases of the IDE (@)
that satisfy the conditions of Theorem and Theorem @ respec-
tively. O

Example 3.3. . Consider the second order IDE as follows:
2" 4+ (1422 4 (14 e )1+ z)) (1 + e )2
t
4 e )1+ e ) + (14 ez = / ) ()ds. (3.5
0
The equivalent system of IDE (@) can be written as follows:
' =y,

Yy == (14 aye” ™ — (14 e )1+ |2))(1+ e V)y
t
- (1+e_2t)(1—|—ey)y—(1+6_t)x+/6_(t+s)y(s)ds. (3.6)
0

It is obvious that the system (@) satisfies the conditions (C1) and
(C2). We now consider the Lyapunov function given as follows, which
is a particular case of that one given by (

1
V(t,z,y) = 2(1+e ha? 4 y + // K (u, s)| y*(s)duds

The differentiating the Lyapunov V = V (¢, z,y) along the system (@),
we get

V= et b [ e )t fa])  (1+8) — (L) 4 1y
Thus, there exist a positive constant ¢, which is small enough, such that
V' < =62 + 4P,
which verifies that the asymptotic stability is now established.

Example 3.4. Consider the second order IDE as follows:

F (1422 e 4 1+ e )1+ |z)(1+ e )2’

¢
+(14+e )1+’ +(1+e N = /e_(t+s)x’(s)ds
0

1
+ :
1+ 82+ at 42/
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The discussions of Example 1 hold for the IDE (@) except that for the
term Additionally, it is seen that

1
Py = Ty d gt

Hence, regarding to Theorem @, we have that
1 1
t = < = e(?).
Pt = s S 1 = o0

Thereby, it follows from the inequality (@) that

I
12 4ot/

1 1
A7V —.
1—|—t2+ 1 (’x’y)1+t2

In the subsequent, integrating the above inequality from 0 to oo and
then applying Gronwall-Bellman lemma, we get

V(t.2.y) < [V(0,2(0),9(0)) + 5l 2,

o0
1
B:/ ds:z.
1+ s2 2
0

From the last inequality and

V'(t,z,y) <

where

1 1
V(t,l‘,y) > 5610"}’%'2 + 53/27

we can conclude the boundedness of solutions of IDE (@)
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