On Some New Nonlinear Retarded Integral Inequalities With
Iterated Integrals And Their Applications In Integro-Differential
Equations

A. Abdeldaim' and A. A. El-Deeb?
! Department of Mathematics and Computer Science, Faculty of Science,
Port Said University, Port Said, Egypt.(ahassen@su.edu.sa)
2 Department of Mathematics, Faculty of Science, Al-Azhar University,
Nasr City (11884), Cairo, Egypt.(ahmed-na707@yahoo.com,).

Abstract

In this paper, some new generalized retarded nonlinear integral in-
equalities of Gronwall-Bellman type are discussed. The upper bounds
estimation of the embedded unknown functions are discussed by integral
and differential techniques. Our results generalize those of H. El-Owaidy
et al. [6] to some inequalities with both retard and nonlinear integral.
Some applications are also presented in order to illustrate the usefulness
of some of our results.
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1 Introduction

Integral inequalities that give explicit bounds on unknown functions provide
a very useful and important device in the study of many qualitative as well
as quantitative properties of solutions of nonlinear differential equations and
integral equations. In 1919, Gronwall [7] introduced the famous Gronwall in-
equality (Theoreml.1) while investigating the dependence of systems of differ-
ential equations with respect to a parameter. Integral inequalities of Gronwall
type are important tools in the study of existence, uniqueness, boundedness,
stability, invariant manifolds and other qualitative properties of solutions of dif-
ferential equations. Since then, a lot of contributions have been achieved by
many researchers. The original Gronwall inequality has been extended to the
more general cases including the generalized linear and nonlinear Gronwall type
inequalities and mixed Gronwall-Bellman inequalities ( see [1,3-6,8,10-13,19]).

Theorem 1.1 (Gronwall[7]). Let u(t) be a continuous function defined on
the interval D = [o, @« + h] and

0<ult) < /t[bu(s) + alds,Vt € D,

where o, a,b and h are nonnegative constants. Then

0<u(t) < ahe®™ Yt € D.



Recently, H. El-Owaidy et al. [6] studied the following nonlinear integral in-
equalities of Gronwall type

Theorem 1.2(H. El-Owaidy et al. [6]). Let u(t) be a real-valued posi-
tive continuous function and f(t), g(t) are real-valued non-negative continuous
functions defined on I = [0, 00) and satisfy the inequality

W(t) < up+ /O ") {up(s) + /O Sg()\)u(/\)d/\} ds, vt e,

where ug and p are positive constant. Then

1 t s %
u(t) < uf [1 —|—/ f(s)exp (/ [f(N) —I—g()\)]d)\) ds] ) Vi e 1.
0 0
Theorem 1.3(H. El-Owaidy et al. [6]). Let u(t) be a real-valued posi-

tive continuous function and f(t),g(t) are real-valued nonnegative continuous
functions defined on I = [0, 00) and satisfy the inequality

uP(t) < wup + /Ot f(s) [uq(s) + /Os g()\)u()\)d)\] ds,Vt eI,

where ug, p and ¢ are constants such that ug > 0 and p > ¢ > 0. Then

u(t) < {uo + /0 t F(s)K (s) exp ( /O ) g()\)d/\) ds] %, Vtel,

where

0 = [+ [229] [ sy (-l [ oan)as] e

Theorem 1.4 (H. El-Owaidy et al. [6]). Let u(t) be a real-valued posi-
tive continuous function and f(t),g(t) are nonnegative real-valued continuous
functions defined on I = [0, 00), and satisfy the inequality

u(t) < wuo + /Ot f(s)u(s) [uq(s) + /OS g(/\)u(/\)d/\} pds,Vt el,

where ug,p and ¢, are positive constants such that p+ ¢ > 1, . Then

UU)Summp</¢f@ﬂG@ﬁk), tel,
0
where

up? exp (p j;)t g(s)ds>

lrFe=1l’

1—qlp+q— a7 [ f(s)exp(lp +q — 1] 5 g(A\)dA)ds



such that, g[p+ ¢ — 1]ug[p+q71] fot f(s)exp([p+q—1] f5 g(N)d\)ds < 1,vt € I.

Theorem 1.5(H. El-Owaidy et al. [6]). Let u(t) be a real-valued positive
continuous function and f(t), g(t) are nonnegative real-valued continuous func-
tions defined on I = [0,00), and n(t) be a positive monotonic nondecreasing
continuous function on I = [0, 00) and satisfy the inequality

u(t) < n(t) + /Ot f(s) [U(s) + /O g()\)u()\)d)\} pds,Vt el,

where p be a constant such that p € (0,1). Then

) <nle)1+ [ t FORA |, e

where
K () = exp (p<1 - [ t g(s)ds) [1 ey " Fem(s)
]

X exp ((1 —p) /0 g()\)d)\) ds} % , Vtel

However, many real life problems that have in the past, sometimes been
modeled by initial value problems for differential equations actually involve a
significant memory effect that can be represented in a more refined model us-
ing a differential equation incorporating retarded or delayed arguments, in this
situations, we need to discuss some retarded nonlinear integral inequalities (
see [2,9,14-18]). So, the given bound on such inequalities in [6] are not directly
applicable in the study of certain retarded nonlinear differential and integral
equations. It is desirable to establish new inequalities of the above type, which
can be used more effectively in the study of certain classes of retarded nonlinear
differential, integral and integro-differential equations.

In this paper, we extend certain results that where proved in [6] to obtain
new generalizations of formerly famous Gronwall type inequalities where non
retarded case t in [6] is changed into retarded case a(t), and give upper bound
estimation of the unknown function by integral and differential techniques in
order to study retarded differential, integral and integro-differential equations.

2 Main results

In this section, several new retarded integral inequalities of Gronwall-Bellman
type are introduced.

Throughout this article, R denoted the set of real numbers; I = [0, 00), Ry =
(0,00), Ry = [1,00) and ' denotes the derivative. C(I,I) denotes the set of all
nonnegative real-valued continuous functions from I into I and C1(I,I) denotes
the set of all nonnegative real-valued continuously differentiable functions from
I into I.



Theorem 2.1. Let u(t), g(t), f(t) € C(I,I),a(t) € C*(I,I) be nondecreasing
with a(t) <t on I and satisfy the inequality

uP(t) <wup+ /Oa(t) f(s) [u”(s) + /OS g()\)u()\)d)\] ds, Vi e 1, (2.1)

where ug and p are positive constants. Then

1 a(t) s >
u(t) < uf {1 +/O f(s)exp (/0 [f(N) + g()\)]d)\) ds] ) Veel. (2.2)
Proof. Let JP(t) equal the right hand side in (2.1), we have J(0) = u§ and
u(t) < J(t), ule(t)) < J(aft)) < J(t),  Viel (2.3)

Differentiating J?(t) with respect to ¢, and using (2.3) leads to

p I < @ ey ), vier (24)

where Y (t) = JP(t) + foa(t) g(8)J(s)ds, thus we have Y (0) = JP(0) = ug and
J(t) <Y(¥), Vtel. (2.5)
Differentiating Y (¢) with respect to t, and using (2.4),(2.5) leads to

dY (t)

o SO +e@Y (M),  viel

By taking t = s in the above inequality and integrating from 0 to ¢, we get

a(t)
Y (t) < ug exp (/0 [f(s)+ g(s)]ds), Vtel, (2.6)

from (2.6) and (2.4), we obtain

JP=1 () %Et) <

woc(8) fa(t)) exp ( / "t + g(s)]ds), veel.

1
p
The above inequality implies an estimation of J(t) as follows

p

J(t) < ul [1 —|—/Oa(t)f(s)exp (/Os[f()\) +g(/\)]d)\>ds} o Wiel @7

Using (2.7) in (2.3), we get the required inequality in (2.2). The proof is com-
pleted. O

Remark 2.1. If a(t) = t, then Theorem 2.1 reduces to Theorem 1.2.



Theorem 2.2. Let u(t),g(t), f(t) € C(I,I),a(t) € C*(I,I) be nondecreasing
with a(t) < t,a(0) =0 on I and satisfy the inequality

uP(t) <wg+ /Oa(t) f(s) [uq(s) + /Os g(/\)u(/\)d/\} ds, Vtel, (2.8)

where ug > 0,p > q > 1 are constants. Then

1
P

a(t)
u(t) < [uo +/O f(s)k(al(s))ds] , vtel, (2.9)

where

ko) =exn( [ " o)) [ ™

" [q[p;;q]] /0““) f(s) eXP(—(p— q) /Osg(/\)d/\>ds} [ﬁ}.

Proof. Let JI(t) equal the right hand side in (2.8), we have J;(0) = u} and

(2.10)

u(t) < Ji(t),u(a(t)) < Ji(a(t)) < Ji(t), vt e 1. (2.11)
Differentiating J? (¢), with respect to ¢, using (2.11) we get

0D <o mmeo,  wier, @)
where Y (¢) = J{(t) + foa(t) g(s)J1(s)ds, thus we have Y7(0) = J{(0) = uO%, and
J{(t) < Yi(t), bu

t ¢ > 1, thus
J1(t) <Yi(t), vt e I. (2.13)
Differentiating Y7 (t) with respect to ¢, and using (2.12), (2.13) leads to
dYi(t _
% < %O/(t) Fla®Y TP @) + o/ (Og(a)Yi(t), Ve,
but Y1 (¢) > 0, thus we have
g dYi(t _
v gyt < L), el (214)

dt )
Now, if we put
Z) =Y ),  vtel, (2.15)

[p—d]

then we have Z(0) = Y~ 9(0) =u, * and Y*" (1) d};lt(t) = [p—iq]%, thus
from (2.14) we obtain

P — o datg(a)2(0) < (12

IN

o/ (t) f(a(t)), vtel. (2.16)



The above inequality implies the following estimations of Z(t), such that
Z(t) <klP=d@),  wvtel,
where k(t) is as defined in (2.10). From (2.8) and the above inequality we have
Yi(t) < k(t), vtel,
thus from(2.12) and the above inequality we have

pJP (t)d%w <a'(t)f(a(t)k(t),  Vtel

By taking t = s in the above inequality and integrating from 0 to ¢, gives

a(t) 1
Ji(t) < [u0+/0 Fk(a Y (s)| , wel (2.17)

Using (2.17) in (2.11) leads to the required inequality in (2.9). The proof is
completed. O
Remark 2.2. If o(t) = t, then Theorem 2.2 reduces to Theorem 1.3.
Theorem 2.3. Let u(t),g(t), f(t) € C(I,I),a(t) € C*(I,I) be nondecreasing
with a(t) < t,a(0) =0, on I and satisfy the inequality

a(t) s 4
u(t) < ug —|—/0 f(s)u(s) [uq(s) —|—/O g()\)u(/\)d)\} ds,Vte I, (2.18)

where ug, p and q are positive constants such that p+q > 1. Then

alt)
u(t) < ug exp(/0 f(8)k1 (04_1(5))d8)7 Vtel, (2.19)
where

ub? exp <p foa(t) g(s)ds>
kl (t) = [—2 )

pTa1)
L glp+ g — a7 15O £(5) exp(p+ g — 1] J; g(A)dA)ds]

(2.20)
such that, q[p+q— 1}ug[p+q71] foa(t) f(s)exp([p+q—1] [ g(\)dN)ds < 1,Vt € I.

Proof. Let Ja(t) equal the right hand side of (2.18), which is a positive and
nondecreasing function on I with J2(0) = u,. Then (2.18) reduces to

w(t) < Ja(t), u(a(t)) < Ja(alt)) < Ja(t), Vit el (2.21)
Differentiating J% (t), with respect to ¢, using (2.21) we have

dJ>(t)
dt

<o/ (t) flat)J(t)YL (1), Vtel, (2.22)



where Ya(t) = JJ(t) + foa(t) g(s)J2(s)ds, hence Y5(0) = JJ(0) = ud, and
Jo(t) <Ya(t) Vel (2.23)

Differentiating Y5(¢) with respect to ¢, and using (2.22), (2.23), leads to

dlst(t) < qa/(t)f(a(t))y2[p+Q] (t) + a/(t)g(a(t))YQ(t), Viel

but Y3(t) > 0, then we have

_ dYs(t _
v ) P20 gy ) < gol (@ f(0), e
(2.24)
If we let
vty = zi4),  wtel, (2.25)
we have Z3(0) = Y5 PH(0) = ug 7T, and vy ) BHE = peb 4

then we can write the inequality (2.24) as follows

%+(p+q—1)a’(t)9(a(t))zl(t) > —qlptq-1)' () f(a(t)),  Vtel. (2.26)

The above inequality implies the following estimation of Z;(t) such that

—I[p+a—1]

Zi(t) > [k(0)] >, vtel,
where k1 (t) as defined in (2.20). From (2.25) and the above inequality, we have
YP(t) < ki(t),  Vtel,
thus from the above inequality in (2.22), we have

dJa(t)
dt

< (t) fla(t)ki(t), vtel.

By taking t = s in the above inequality and integrating from 0 to ¢ , produces

a(t)
Ja(t) < ug exp(/ f(s)kl(ozl(s))d5>, tel. (2.27)
0
Using (2.27) in (2.21), we get the required inequality in (2.19). The proof is
completed. O
Remark 2.3. If ¢ = 1, then Theorem 2.3 reduces to Theorem3 in [15].
Remark 2.4. If a(t) = t, then Theorem 2.3 reduces to Theorem 1.4.

Remark 2.5. If ¢ = 1 and «a(¢) = ¢, then Theorem 2.3 reduces to Theorem3.2
in [1].



Theorem 2.4. Let u(t),g(t), f(t) € C(I,I),a(t) € C*(I,I) be nondecreasing
with a(t) < t,a(0) =0, on I,n(t) € C(I,R;) be nondecreasing and satisfy the
inequality

p

a(t) s
u(t) < n(t) +/O f(s) [u(s) +/0 g()\)u()\)d)\] ds,, Vtel, (2.28)

where p be a constant such that p € (0,1). Then

a(t)
u(t) < n(t) {1 +/O f(s)n[p_l](s)kg(a_l(s))}, vt e, (2.29)

where
Fa(t) = exp <p<1 ) / " g(s)ds) [1 (1-p) / " plr(e) .
. 2.30
X exp <—(1 —p) /OS g(/\)d)\) ds] [ﬂ]’ vVt e l.

Proof. Since n(t) is a positive monotonic nondecreasing function, we observe
from the inequality (2.28)

Let
m(t) = @, m(0) <1, Vtel. (2.31)

Hence

P

a(t) t
m(t) <1 +/0 f(s)nlP=1(s) {m(s) —|—/O g()\)m()\)d()\)] , Vtel. (2.32)

Let J3(t) equal the right hand side of (2.32), which is a positive and nondecreas-
ing function on I with J3(0) = 1. Then (2.32) reduces to

m(t) < (e, malt) < Js(a()) < Js()  Veel  (233)
Differentiating J5(t) with respect to ¢, using (2.33), we get
P < @) fam MW, viel (@39

where Y3(t) = J5(t) + [ g(s)J5(s)d(s), Y3(0) = J3(0) = 1, and

Jg(t) < Yg(t), Vtel. (235)



Differentiating Y3(¢) with respect to t and using (2.34), (2.35) we get

d?t(t) _ d‘]d3£t>+a’(t)g(a(t))J3(t)

< o/ (0)f () (@(t) Y] (1) + o ()g(alt) Ya(t), Vit € 1.

The above inequality implies the following estimation of Y3(t), such that
YP(t) < ko(t),  Vtel,
where ko (t) is as given in (2.30). From the above inequality in (2.34), we have

dJs(t)

o <dOf(a®m I nka(t), Ve

the above inequality implies the following estimation of J3(t) such that

a(t)
Js(t) < 1+/ f(s)ka(a™(s))nlP~Hds,  wtel
0

Using the above inequality in (2.33), we get
a(t)
m(t) < 1+/ f(8)ka(a t(@))nlP~Hds,  vtel (2.36)
0
We get the desired bound in (2.29) from (2.31) and (2.36). The proof is com-
pleted. O

Remark 2.6. If o(t) = t, then Theorem 2.4 reduces to Theorem 1.5.

Theorem 2.5. Let u(t),g(t), f(t) € C(I,I) be nondecreasing, we assume that
Y1 (t),12(t) are nondecreasing and continuous functions defined on I with v;(t) >
0,Vt > 0,i = 1,2, and a(t) € C(I,1) is a nondecreasing function with a(t) <
t,(0) = 0 and satisfy the inequality

p

a(t) s
u(t) < UO+/0 f($)1/11(u(8)){uq(3)+/0 Q(A)iﬁz(u(/\))dk] ds, vt € 1, (2.37)

where ug > 0,p > 0 and g > 1, are constants such that p+q > 1. Then
a(t) a(t)
u(t) < vt [\112_1 (\Ilg <\I/1(u8) + / g(s)ds>+/ f(s)ds)} ,  (2.38)
0 0
for all t € [0,T1], where
Todt
v 7":/ ——, 7 >0, 2.39
1) 1 Ya(t) (2.59)

[ (e s
Ta(r) / (W () (T ()t

r>0, (2.40)



and Ty is the largest number such that

o [ wtt (7 (9)ds
(ot [ atnas ) [ b < S S R

\1:;1<\1/2<\1:1(ug)+ /O " g(s)d5>+ /O " f(s)ds>§ wjft).

Proof. Let Jy(t) equal the right hand side in (2.37), which is a positive and
nondecreasing function on I, we have

u(t) < Ju(t), u(a(t)) < Jy(a(t)) < Ju(t), J4(0) = up, Vt € 1. (2.41)
Differentiating J4(t) with respect to ¢t and using (2.41), we get

dJ(t)
dt

<o) f(@) (L)Y (), Vel (2.42)
where Yy(t) = J{(t) + foa(t) 9(8)a(Ju(s))ds, hence Y4(0) = J4(0) = uf, and
Ji(t) < Yy(t) but ¢ > 1, thus

Ju(t) <Yy(t) Vel (2.43)
Differentiating Y;(¢) with respect ¢ and using (2.42), (2.43), leads to

dYa(t)
dt

for all ¢ € I, since 12(Y4(t)) > 0, V& > 0, from (2.44) we get

< qo/ (8) F ()1 (Ya) YTV (1) + o/ (Dg(alt) e (Ya(t), (2.44)

dYi(t) _ 91 ()Y )
2(Va(t) ~ (D)

By taking ¢t = s in the last inequality and integrating both sides from 0 to ¢,
and using (2.39), we have

qo (t) f(a(t)) dt + o/ (t)g(a(t))dt, vt € 1.

Y1 (Ya(s)Y," P (s)
V2 (Ya(s))

Uo(Yi(t)) < Walud) + / 4/ (s) f(a(s)) ds

t
+/ a'(s)g(a(s))ds, Vtel,
0
where ¥ is defined by (2.39) from the above inequality we have

T
WY (1)) < U (ul) + / o/ (5)g(a(s))ds

Y1 (Ya(s) Y (s)
2(Yy(s))

+ [ o't ftats) ds,

10



for all t < T, where T € [0,T3] is chosen arbitrary. Let Y5(¢) denote the
function on the right-hand side of the above inequality, which is a positive and
nondecreasing function on I with Y5(t) = ¥a(ud) + fOT o’ (s)g(a(s))ds and

Yi(t) < UTH(Ys(t)),VE < T. (2.45)
Differentiating Y5(¢) with respect to ¢, and using (2.45) we obtain
G (V)Y )
¥2(Ya(t))

V1 (Y2 (Y5(1))) (2 (Y5 (1)) Pra=1(2)
Y2 (12(Ys(t)))

From the above inequality, by the definition of ¥y in (2.40) and let ¢t = T we
have

dYs(t)
dt

< qd/(t)f(at))

< qd/(t)f(a(t)) V< T.

a(T) a(T)
Uy (Ys(t)) < Uy (Wl(ug) + / g(s)ds)—!—/ qf(s)ds,¥t <T. (2.46)
0 0
Since 0 < T' < Tj is chosen, from (2.41) , (2.43), (2.45) and (2.46), we get the
required inequality in (2.38). The proof is completed. O
Remark 2.7. If ¢ = 1, then Theorem 2.5 reduces to Theorem 4 in [15].
Remark 2.8. If ¢ (t) = o(t) = t, then Theorem 2.5 reduces to Theorem 2.3.

3 Application

In this section we present some applications of the inequalities given in our
Theorem 2.1 and Theorem 2.5 in order to illustrate the usefulness of our results.
Now we give an example for the application of our Theorem 2.1 to the
following retarded integro-differential equation
Example 3.1 Consider the retarded integro-differential equation :

puP (1) 2 = M (¢, u(a(t)), [y H(s,ula(s)))ds), ¥t € 1,
(3.1)

u(0) = uy,

where M € C(I x R3,R), H € C(I x R,R), |ug| > 0 is a constant, satisfy the
following conditions

[H (¢, u(t)] < g(t)|u(t) (3.2)
/Hsu Mds)| < fO |u(®)P + /|Ksu )|ds)
1 (3.3)
i [1 ! /oa(/) 5'(&_11((2)))) o </ [[f(a_lgzzfl?i?)_l(A))q‘“) ds] | <(Zozi>

11



where u(t), f(t), g(t), a(t),p as defined in Theorem 2.1. Integrate both sides of
the equation (3.1) from 0 to ¢, we have

W () =u0+/0 M(s7u(a(s)),/osH()\,u(a()\)))d)\)ds,VtEI, (3.5)

using the conditions (3.2) and (3.3), from (3.5) we get

ol < fuol+ [ f<s>[u<s>P+ /Osg<A>|u<A>|dA]ds,
“O f0 ) [ [ gl )
< ol [ Gt [ + | ]

Now, a suitable application of the inequality given in Theorem 2.1 to the above
inequality yields

o) < uf [1+ N ey (M @) d(JG)

for all ¢ € I. Thus, from the hypotheses (3.4) and the estimation in (3.6),
implies the boundedness of the solution u(t) of (3.1).

Now we give an example for the application of our Theorem 2.5 to the fol-
lowing retarded integro-differential equation

= Htutal). [ Kisu(a(s))ds). e 1 (3.7)

with initial condition u(0) = ug, we assume that K € C(RxR,R), H € C(R*,R),
|ug| > 0 is a constant, satisfy the following conditions

(K (¢, u(t)] < g(t)da(lu(®)]), (3.8)

¢ t P
(@), [ K ut@)as)] < fepinduta)) (juol + [ 1K ut@)ias)

(3.9)
where f(t),g(t) € C(I,I).

Example 3.2 Consider the nonlinear retarded integro-differential equa-
tion (3.7) and suppose that K, H satisfy the conditions (3.8) and (3.9), and
1(t), 2(t) are nondecreasing and continuous functions defined on I with ¢;(¢) >
0,Vt > 0,i = 1,2, and a(t) € C1(I,I) is a nondecreasing function with a(t) <
t,a(0) = 0 then all the solutions of the equation (3.7) exist on I and satisfy the
following estimation

lu(t)] < Uit {\1/51 (xIJQ (\1/1(|ug|)+/0a(t) mds)+/oa(t) Mds)],
(3.10)

12



for all t < T,, where
qz(r)—/riyvo (3.11)
' 1 ¥a(t) ’ '
r Uy (U7 (s))ds
Wy (r) :/ —11 5 +q-1’
1 (W () (W7 (s))PHa
and T5 is the largest number such that

\Ill(\Ill_l(s))ds
T (T () (W ()t

= <% (M%'q) ’ /oa(t) M“) ! /oa(t) jf(&—ll((i)))) ds) <5

Proof. Integrating both side of the Eq. (3.7) from 0 to ¢, we have

r>0, (3.12)

u(t) = uo +/0 H(s,u(a(s)), /OS K\ u(a(N))ds),Vt e 1, (3.13)

using the conditions (3.8) and (3.9), from (3.13) we get

o) < fuol + [ f<s>so<|u<a<s>>|>[|u%s>|+ / Sg(A)so(m(AmdA} ds, (3.14)

the inequality (3.14) can be written in the form

O fla=l(s))
u®)l <huol + [ LA (fula(o))
x |UQ(s)|+/SM (uOdA] ds,vi e 1 |
0 /(@) A
Now, a suitable application of the inequality given in Theorem 2.5 to (3.15), we
get the required inequality in (3.10). The proof is completed. O
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