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Abstract

In this paper, we establish some new retarded integral inequalities, which can be used as tool in the quali-
tative study of certain properties of retarded integrodifferential equations. (©2017 All rights reserved.

Keywords: retarded inequality, explicit bound, Gronwall-Bellman inequality.
2010 MSC: 26D15, 26D20.

1. Introduction

Integral inequality provides explicit limits on unknown functions, and is an important tool for studying
some qualitative properties for solutions of differential and integral equations. The most famous of these
inequalities is that established by Gronwall [6], which can be stated as follows:

If u(t) satisfies the following inequality

0 < u(t) < /t bu(s) +a]ds, t € T, (1.1)

then u(t) has the following estimate
0 <u(t) <ahexp(bh), t e,

where a, b are nonnegative constants and I = [o, « + h] is an interval of R.

Since his discovery a lot of efforts have been devoted by many researchers for establishing variants,
extensions, and generalizations of (1.1).
Bellman [1], studied the following inequality

t

u(t) < k+ /g(s)u(s)ds, (1.2)

a
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which is a generalization of (1.1), k is a nonnegative constant and .J is an interval of R.

He also gave a generalized of his own result by replacing in inequality (1.2) the constant term k by a

nonconstant term n(t) as follows (see [2])

u(t) < n(t) +/ g(s)u(s)ds, t € J,

o

Lipovan [5], studied the delayed version of inequality (1.2)

a(t)
u(t) < k+ / h(s)u(s)ds, to <t <T,
Oé(t())
where k is a nonnegative constant and [¢o,7’) is an interval of R.
Pachpatte [7] investigated the following retarded inequality
t a(t)
u(t) < k+ /g(s)u(s)ds + /h(s)u(s)ds,Vt € J,

a a

where k is a constant and J is an interval of R.
Rashid [8], gave a generalization of inequality (1.5)

t a(t)
u(t) < f(t)+ /g(s)u(s)ds + /h(s)u(s)ds,Vt €J,

where J = [a, b] is an interval of R.
Also Kim [4], established a variante of (1.6). Moreover he discussed the following inequalities

t a(t)
u(t) < f(t)+ /g(s)up(s)ds + /h(s)up(s)ds,Vt € J,

El-Owaidy et al. [3], discussed the following inequalities

uP(t) < f(t) + /g(s)u(s)ds + [ h(s)u(s)ds,Vt € J

and
t a(t)
uP(t) < fP(t) + /g(s)up(s)ds + /h(s)uq(s)ds,Vt eJ

where J = [a, b] is an interval of R.

(1.3)

(1.4)

(1.5)

(1.7)

(1.9)

Motivated by the above results, in this paper we establish some new delayed integral inequalities, which
are more general than those of before, and which can be used as tools for the study of some delayed

differential and integral equations.
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2. Main results

In what follows: R denotes the set of real numbers, RT = [0,00), R} = (0,00) and I = [a, b] is the given
subset of R. C'(I,RT) denotes the set of all continuous functions from I into R* and C! (I, I) denotes the
set of all continuously differentiable functions from I into I.

In order to prove our results, we recall that the v-weighted arithmetic-geometric mean inequality can be
says that for a,b > 0and 0 <v <1

a’b'™" <wva+ (1—-v)b.

Theorem 2.1. Let u(t), g(t), h(t),m(t),n(t) € C (I,RT), and let « € C* (I,I) be a nondecreasing function
with a < a(t) <t on I and c is a positive constant. If the following inequality

t a(t)

u(t) < c+mit /g s)ds +n (t '/h (2.1)

holds then u(t) has the following estimate

t a(t)

u(t) < cexp | m(t) /g(s)ds—l—n(t) /h(s)ds . (2.2)

a

Proof. Fixing any number ¢ € I such that

a(t) t at)

()/() s)ds +n (t (/h )ds < m ( /g s)ds +n (1 /h (2.3)
forallt € I.

From (2.1) and (2.3), we have

t a(t)
u(t) <c+m(t /g s)ds +n (¢ /h ds. (2.4)
Define a function z(t) by
t a(t)
z(t) =c+m( /g s)ds +n (t) /h(s)u(s)ds. (2.5)
Clearly z(t) is positive and nondecreasing,
u(t) < 2(t), u(a(t)) < z(a(t)) (2.6)
and
z(a) = c. (2.7)

Differentiating (2.5) with respect to ¢, and then using (2.6), we obtain

< m (1) g(0)=(t) + n (1) o/ (Dh(a(t)) 2(a(®)
< (m(8) g(t) +n (F) &' (t)h((t))) 2(2)). (2.8)
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Now, Dividing both sides of (2.8) by z(t), letting ¢ = s in the resulting inequality, and then integrating it
with respect to s from a to ¢, we get

t a(t)
2(t) < z(a)exp | m (%) /g(s)ds +n (%) /h(s)ds . (2.9)
Substituting (2.7) into (2.9), we obtain
t a(t)
2(t) < cexp | m (%) /g(s)ds +n (%) /h(s)ds . (2.10)
Taking t = t in inequality (2.10), we obtain
i a(?)
z(t) < cexp | m (?) /g(s)ds +n (1) / h(s)ds | . (2.11)

Since ¢ is arbitrary, then (2.11) is hold for all ¢t € I, and we have

t a(t)
z(t) < cexp | m(t) /g(s)ds +n(t) /h(s)ds . (2.12)
Combining (2.6) and (2.12), we get the desired result. O

Remark 2.2. Theorem 2.1 recapture Theorem from [1] if we take m (¢) = 1 and n (¢) = 0, and Corollary
from [5] if we take m (¢) = 0 and n (¢) = 1, and Theorem 2.1 from [8] if we choose m (t) = n (t) = 1.

Theorem 2.3. Let u(t), g(t), h(t),m(t),n (t) € C (I,R) and f(t) € C (I,R7) be a nondecreasing function,
and let o € C1 (I,1) be a nondecreasing function with a < «(t) <t on I. If the following inequality

t a(t)

u(t) < f(t)+m(t /g s)ds +n (t) /h(s)u(s)ds, (2.13)

a

then u(t) has the following estimate

t a(t)

w(t) < F () exp | m (1) / o(s)ds +n (1) / h(s)ds | (2.14)

a

Proof. Since f(t) is positive and monotonic nondecreasing, we can restate (2.13) as follows

t a(t)

ROy ANy (A

_u(t)
o(t) = 5y (2.16)

Let
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Using (2.16) in (2.15) we obtain

t a(t)

) <14+ m( /g s)ds 4+ n (t) /h(s)v(s)ds. (2.17)
Inequality (2.17) is similar to inequality (2.1) with ¢ = 1. Applying Theorem 2.1 for (2.17), we get
t a(t)
v(t) <exp | m(t) /g(s)ds+n(t) /h(s)ds . (2.18)
Combining (2.16) and (2.18), we obtain the desired result. O

Remark 2.4. Theorem 2.3 will be reduced to Theorem 2.1 from [8], if we choose m (t) = n (t) = 1.

Theorem 2.5. Let u(t), g(t), h(t),m(t),n (t), f(t) € C (I,R") such that f(t) is a positive and nondecreasing
function, and a(t) € CY (I,1) is a nondecreasing function with a < a(t) <t on I. And let p,q,r, € be a
positives numbers with p > q, and p > r.

If the following inequality

t a(t)

uP(t) < fP(t) + m(t) /g(s)uq(s)ds +n(t) /h(s)ur(s)ds, (2.19)
holds then u(t) has the following estimate
u(t) < £(t) {A(t) exp B()}7 , (2.20)
where
t a(t)
A(t)zl—i—p— /g )T P(s ds—l—pr /h VP (s (2.21)
and
t ()
B(t) = 4m (¢) / 9(5) f1P(s)ds + Zn (1 / h(s)f7(s)ds. (2.22)
Proof. Using the positivity and the monotonicity of f(¢), (2.19) can be restated as
t a(t)
(%)p <1+m(t) / g(s) f17P(s) (;gjg)qu +n(t) / h(s)f™P(s) (gﬁgg) ds. (2.23)
Let )
u
Substituting (2.23) in (2.24), we obtain
t a(t)

() <1+ m(b) / 9(s)f7P ()07 (s)ds + n (¢) / h(s) F7(s)0" (5)ds.

(2.25)



B. Meftah, A. Souahi, Commun. Nonlinear Anal. 4 (2017), 121-129 126
Fixing any number ¢ € I such that
t ot)
L m(6) [glo) P (5)t(ds +n(t) [ b)) (5)ds
a t a "
<1+m(i) /g(s)fqp(s)vq(s)ds +n (1) / h(s)f"P(s)v"(s)ds. (2.26)
From (2.25) and (2.26) we have
t o(t)
) <14+m( /g )FTP(s)v(s)ds + n (2) /h(s)fr_p(s)vr(s)ds.
Define a function z (t) by
t o(t)
2(t) =1+ m (D) / 9(s) F7P ()0 (s)ds + n (7) / h(s) 7P (s)0" (s)ds. (2.27)
Clearly, z (t) is positive, nondecreasing,
o(t) < 27 (), v(a(t)) < 27 (alt)) (2.28)
and
z(a) =1 (2.29)
Differentiating (2.27) with respect to t, we get
Z(t) =m (1) g(t) 1P (0 (t) + 1 (E) o (O)h(a(t) f7P(a(®)v" (alt)). (2.30)
Using (2.28) in (2.30), we obtain
2(t) < m (1) () f17P ()20 () + 0 (1) o/ (O h(a(t)) 7P (alt)) 27 (alt)). (2.31)
Now, applying the A-G inequality for (2.31), and then using the fact that z(«a(t)) < z(t), we get
Z(t) <m () g(t) f17P(8)(L2(t) + 257)
+n (8) &/ (Oh(a(®) [P (alt)(F2(a(t)) + p_r)
= (&m (1) 9O £77(0) + 0 (D) o/ (Dh(a() 7 (a(1))) (1)
+24m (t) g ()fqp()er,%rn(t) ()(())f”’( (t)). (2.32)

Setting ¢t = s in (2.32), integrating the result over [a,t], and using (2.29), we get

) < / $)JTP(5) + En (F) o/ (s)h(a(s)) [P (a(s)) = (s) ds

(2.33)
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Using Gronwall-Bellman lemma, we obtain
t o(t)

2t < |1+ %m (g) /g(s)fq—?’(g)ds + Z%n (f) /h(s)fr—p(s)ds

¢ al(t)
exp | 2m (1) [g(s)s 7 (s)ds + 50 (0) [ hlo)fP(5)ds | (234

Taking ¢ = ¢ in inequality (2.34), we obtain

P a(?)
2(t) < | 1+ 5Im (?) /g(s)fqp(s)ds +5n () / h(s)f"P(s)ds
i a(?)
exp | 4m (0) [o)7?sas+ 5 @) [ n6s)r s | (2.35)

Since ¢ is arbitrary, then (2.35) is hold for all ¢t € I, and we write
z(t) < A(t) exp B(t), (2.36)

where A and B are defined as in (2.21) and (2.22) respectively. Combining (2.24), (2.28), and (2.36) we get
the desired result. 0

3. Applications

In this section we present some applications of our results. Let us consider the following retarded integral

equation:
at)

t
wt) = |1, / Gls,u(s))ds, / H(s,u(s))ds | | (3.1)

for all t € [a,b] C R, where ® : [ x R?> = R, G, H : I x R — R are continuous functions, and o € C* (I, 1)
be nondecreasing functions with a < «a(t) <t on I.

Proposition 3.1. Assume that

t a(t) t a(t)
o |t /G(s,u(s))ds, /H(s,u(s))ds < |y(t)| +m(t) /G(s,u(s))ds +n(t) /H(s,u(s))ds (3.2)
and
y(@)] <c
|G (¢, u(t))] < g(t) [u(?)] (3-3)

[H (t,u(t))] < h(t) [u(®)],

where ¢ > 0 and g, h, m,n satisfy the hypotheses of Theorem 2.1. If u (t) is any solution of (3.1)-(3.3), then
u (t) satisfies the following estimate

t alt)
u(t)| < cexp | m (1) / g(s)ds +n (1) / h(s)ds | . (3.4)

a
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Proof. Let u (t) be a solution of (3.1), using the modulus, we obtain

t a(t)
u(t)] = |@ t,/G(s,u(s))ds, /H(s,u(s))ds . (3.5)

From (3.2) and (3.3), we can restate (3.5) as follows

t a(t)

[u(®)] <c+m(t) /9(8) |u(s)]ds +n (t) /h(S) |u(s)] ds. (3.6)
Now, an application of Theorem 2.1 for (3.6) gives the estimate (3.4). O

Proposition 3.2. Assume that

t a(t)
t,/G(s,u(s))ds, /H(s,u(s))ds < |y(t)| +m(t)

t

/ G(s,u(s))ds

a

and
ly()] < f(t)
|Gt u(?)] < g(t) u(t)| (3.8)
[H (¢, u(t))] < h(t) [ut)],
where f,g,h,m and n satisfy the hypotheses of Theorem 2.3. If u (t) is any solution of (3.1),(3.7) and (3.8),

then u (t) satisfies the following estimate

t a(?)

()| < f (1) exp | m (1) / g(s)ds +n (1) / h(s)ds | - (3.9)

a a

Proof. Let u (t) be a solution of (3.1), using the modulus, we obtain

t a(t)
()] = | [+, / G(s,u(s))ds, / H(s,u(s))ds | |. (3.10)
From (3.7) and (3.8), we can restate (3.10) as follows
t a(t)
lu(®)] < f(t) +m(t) /9(5) |u(s)] ds +n (t) /h(S) |u(s)] ds. (3.11)
Now, an application of Theorem 2.3 for (3.11) gives the estimate (3.9). O
Proposition 3.3. Assume that
1
a(t) t a(t) P
/G s, u(s))ds, /H s, u( < | |y(®)| +m(t) /G(s,u(s))ds +n(t) /H(s,u(s))ds

(3.12)
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and
ly(t)| < fP(t)
|Gt u®)| < g(t) [u(t)|? (3.13)
|H (t,u(t)| < h(t) [u®)]",

where f,g,h,m, and p,q,r satisfy the hypotheses of Theorem 2.5. If u (t) is any solution of (3.1),(3.12) and
(3.13), then u (t) satisfies the following estimate

1
lu(t)] < f(t) {A(t) exp B(t)}7 , (3.14)
A and B are defined as in (2.21) and (2.22) respectively.

Proof. Let u (t) be a solution of (3.1), using the modulus, we obtain

t a(t)
lu(t)| = | | t, /G(s,u(s))ds, /H(s,u(s))ds . (3.15)
From (3.12) and (3.13), we can restate (3.15) as follows
t a(t)
u(t)” < fP(t) +m (1) /9(8)|U(5)!Sd8+n(t) /h(S)|U(S)\Td8- (3.16)
Now, an application of Theorem 2.5 for (3.16) gives the estimate (3.14). O
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