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ON SOME NONLINEAR INTEGRAL INEQUALITIES
ON TIME SCALES

SunGg Kyu CHor* AND NamJjip Koo**

ABSTRACT. In this paper we study some nonlinear Pachpatte type
integral inequalities on time scales by using a Bihari type inequality.
Our results unify some continuous inequalities and their correspond-
ing discrete analogues, and extend these inequalities to dynamic
inequalities on time scales. Furthermore, we give some examples
concerning our results.

1. Introduction

The Gronwall inequalities play a very important role in the study of
the qualitative theory of differential and integral equations. Further-
more, they can be widely used to investigate stability properties for
solutions of differential and difference equations. See [1, 5, 7, 13, 17, 18,
21, 25] for differential inequalities and difference inequalities.

Pachpatte [23, 24] obtained some general versions of Gronwall-Bellman
inequality [6, 15]. Oguntuase [22] established some generalizations of the
inequalities obtained in [23]. However, there were some defects in the
proofs of Theorems 2.1 and 2.7 in [22]. Choi et al. [10] improved the
results of [22] and gave an application to boundedness of the solutions
of nonlinear integro-differential equations.

The theory of time scales (closed subsets of R) was initiated by Hilger
[16] in his Ph. D. thesis in 1988 in order to unify the theories of dif-
ferential equations and of difference equations and in order to extend
those theories to other kinds of the so-called “dynamic equations”. The
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two main features of the calculus on time scales are unification and ex-
tension of continuous and discrete analysis. For example, a few papers
[2, 26, 20, 28, 3, 11] have studied the theory of integral inequalities on
time scales.

In this paper, using a Bihari type inequality on time scales, we estab-
lish some nonlinear Pachpatte type integral inequalities on time scales,
which provide explicit bounds on unknown functions. Our results unify
some differential inequalities in [10] and their corresponding discrete
analogues in [12] and extend these inequalities to dynamic inequalities
on time scales. Also, the results extend some previous some Pachpatte
type inequalities on time scales[19] and provide explicit bounds for some
nonlinear integral inequalities in [14]. Furthermore, we give some appli-
cations of our results.

2. Main results

We refer the reader to Ref. [8] for all the basic definitions and re-
sults on time scales necessary to this work (e.g. delta differentiabil-
ity, rd-continuity, exponential function and its properties). Let T be
an arbitrary time scale. C,q(T,R) denotes the set of all rd-continuous
functions, R(T,R) denotes the set of all regressive and rd-continuous
functions, RT = {p € R(T,R) : 1 + u(t)p(t) > 0 forall t € T}, and
R4 =[0,00). For a,b € T with a < b, we define the time scales interval
by [a,blr ={te€ T : a <t <b}.

LEMMA 2.1. [14, Lemma 2.1] Let r : [a,bly — (0,00) be a delta
differentiable function with r2(t) > 0 on [a,b]%. Define

Y ds
G(z) = /xo 96) x> x>0, (2.1)

where g € C(Ry,Ry) is positive and nondecreasing on (0,00). Then,
for each t € [a,b]T, we have
r2(r)

Glr() < Glrta)) + [ 1

Throughout this paper, we assume that « is a positive real number
witha #1,and vy =1-—a.

AT. (2.2)

LEMMA 2.2. Suppose that y,a € Cyq(T,Ry). Then
t

y@ﬁm+/a@w@m5 (23)

to
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for t € Ty implies

t 1
v0) <13+ [ al9)AsT e fto,BINT. (2.4
to
where Ty = [tg,00) N'T and
t
B =sup{t € Tp:y] + 7/ a(s)As > 0}. (2.5)
to
Proof. Define the function v(t) on Ty by
t
v(t) =yo +/ a(s)y®(s)As. (2.6)
to
Then we have
vBt) = alt)y*(t)
< a(t)v(t
by the monotonicity of v and
A
v (1)
t). 2.7
< al (2.7

Being the case that v2(t) > 0 and v(tg) = yo, A-integrating (2.7) from
to to t and applying Lemma 2.1, we obtain

G(t) < Gloltw) + [ als)as. (2.8)
where .
G(z) = Siads = }y[aﬂ —z}]. (2.9)

Thus we have

t 1
o) <3+ [ alo)as).
to
Since y(t) < v(t), we obtain the desired inequality. O

For our main results, we need the following dynamic inequality which
is proved by using Lemma 2.2.

LEMMA 2.3. Let y,a,b € Cq(T,Ry), and —a € R*. Then

t t
mws%+/a@mwx+/b@wwm8 (2.10)

to to
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for t € Ty implies

moge£m®m4vlfwﬁu@WMﬂitqmmmm (2.11)
where
B=sup{t €Ty : yg + y/t b(s)e’ ,(s,to)As > 0}.
Proof. Set
v(t) = yo—i—/t a(s)y(s)As—&—/lt b(s)y*(s)As, t € Ty.
Then we note that y(t) < v(t),v(to) = yo and we have
vB(t) = alt)y(t) + b(t)y* (t)
< a(t)o(t) + bt (1 (2.12)
< a(t)o(a(t)) +b(t)v"(?),

since v(t) is nondecreasing in t. It follows from (2.12) that we obtain
(e—a(t,t0)v(t))> = e—alt, to)v™ (t) — al(t)e—a(t, to)v(o (1))
< b(t)e—a(t, to)v* (1) (2.13)
— b(E)e ot o) (e—als, 0)0(5))%, E € [to, BN T.

Letting u(t) = e_q4(t, to)v(t) in (2.13) and then integrating it from t( to
t, we have

u(t) < ulty) + /t D)™ (5. t0)u () As. (2.14)

It follows from Lemma 2.2 ihat we have
u(t) < [u(to) —l—’y/tt b(s)e” o(5,t0)As]7, t € Ty, (2.15)
which implies that we obtain (jche desired inequality in (2.11). O

REMARK 2.4. J. Baoguo et al. obtains a lower bound for f u( () A g

u®(s)

in Corollary 2.5 [4, p. 221] in the following:
Assume that T satisfies condition C and u € CL(T,R;) and u(t) > 0

on Ty. Then

l—pt _ l—pt t, A

wr(t) —w (ko) g/ W) ag e, (2.16)
]'_p to up(S)

where p is positive and p # 1.
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We can also obtain Lemma 2.3 by using the above lower bound in
(2.16).

REMARK 2.5. If we set T = R in Lemma 2.3, then we can obtain
Theorem 2 in [27] as a continuous version of Lemma 2.3.

Willet and Wong [27, Theorem 4] proved the nonlinear difference in-
equality by using the mean value theorem. Choi and Koo [12, Theorem
2.3] obtained the inequality which is slightly different from Willet and
Wong’s Theorem 4.

REMARK 2.6. If we set T = Z in Lemma 2.3, then we can obtain
Theorem 2.3 in [12] as a discrete version of Lemma 2.3.

If we consider the time scale T = hZ = {hk : k € Z}, where h > 0,
then we obtain the following result.

COROLLARY 2.7. Let y, a,b be nonnegative real valued sequences de-
fined on hZ. If

t—h t—h
y(t) <wyo+ Y als)y(s)h+ Y b(s)y*(s)h, (2.17)

s=to s=tp
for to < s <'t, tg,s,t € hZ, then we have
, t—h L1
u(t) < et vh;jo b(s)el |7t € [to, S| NhZ  (2.18)
where e_q(t, to) = [[._} (1 — ha(s)) and
t—h
B =sup{t € hZ:yl +~ Z b(s)el h > 0}.
s=to

We need the following Lemma to prove Theorem 2.9.

LEMMA 2.8. [3, Theorem 2.5.] Let ty € T" and assume k : TxT — R
is continuous at (t,t), wheret € T* witht > to. Also assume that k*(t, -)
is rd-continuous on [ty, o(t)]. Suppose that for each e > 0 there exists a
neighborhood U of t, independent of T € [ty, o(t)], such that

|k(o(t), ) — k(s,7) — kA (t,7)(o(t) —s)| <elo(t) — s| (2.19)

for all s € U where k®t denotes the derivative of k with respect to the
first variable. Then

t
gAt(t):/ kA (4, T)AT + k(o (1), 1), (2.20)

to
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where g(t) = ftz k(t,T)AT.

The following is our main theorem which unify a differential integral
inequality in [10, Theorem 2.7] and its corresponding discrete analogue
in [12, Theorem 2.5].

THEOREM 2.9. Suppose that u, f € Ciq(T,Ry),—f € RT, and c is
a nonnegative constant. Let k(t,s) be defined as in Lemma 2.8 such
that k(o(t),t) and k®t(t, s) are rd-continuous functions for s,t € T with
s <t. Then

u(t) <c+ t f(s)u(s) + /ts k(s, T)u“(T)AT]As, t € Ty (2.21)
implies
SN
U(t) < c¢c+ /to e,f(S,to)[ 4
+ 'y/ q(T)ezf(T, to)AT)]%AS,t € [to, Bl NT, (2.22)

to

where q(t) = k(o (t),t) + [, |k2(t,5)|As and

t
B=sup{teTy : "+ 7/ q(s)ezf(s,to)As > 0}.
to

Proof. Put v(t) by the right hand side of (2.21). Then we have

VA = fHult) + f(b) / k(t, T)u(T)AT, v(ty) = ¢

to

sfwww+/kwﬂwvmn

= f(t)m(t), tEOTO, (2.23)

where

m(t) = v(t) +/ E(t, T)v*(T)AT, m(ty) = v(ty) = c.

to

From Lemma 2.8, we obtain
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mA(t) = v(t) + k(o(t), t)v(t) —i—/t kA (t, s)v(s)As
t
< f@m(E) + k(o(t), ym () + | [kt 5)[m"(s)As

< FOmt) + (ko)1) + /t B2 (1, $)As)[m (1), (2.24)

since m(t) is nondecreasing in ¢t and m(t) > v(t) for each t € Ty. By
Lemma 2.3, we obtain

m(O) < st 0) £ [ a(s)e (s t0)857, te o BT
(2.25)

where q(t) = k(o(t),t) + [;, [k*(t, s)|As and

t
B =sup{t € To:m"(ty) + 'y/ q(s)ezf(s,to)As > 0}.
to

By substituting (2.25) into (2.23) and then integrating it from ¢g to t,
we have

v(t) < c—l—/to ef((j’)m[c”—i—y/t: q(T)ezf(T,to)AT)]%AS

for t € [tog, 5] N'T. Hence the proof is complete. O

REMARK 2.10. If we suppose further that k(o (t),t) and k2¢(t, s) are
nonnegative functions for s,¢ € T with s < ¢ in Theorem 2.9, then we
have

U(t) < C—f—/to{e_]{((ssv)to)[cfyﬁ—,y/s(k(g(T),T)

to
-
+ / K57 (r, m)A)e” [ (r, t0) AT FAs (2.26)
to
for t € [to, ] N'T.
REMARK 2.11. The result of Theorem 2.9 provide an explicit bound

for a nonlinear integral inequality of Bellman-Bihari type when a(t) =
¢, W(v) =v and ®(u) = u® in Theorem 2.2 ([14]).

Letting k(t,s) = h(t)g(s) in Theorem 2.9, we obtain the following corol-
lary [23, Theorem 2].
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COROLLARY 2.12. Suppose that u, f,h,g € Ciq(T,Ry),—f € RT,
and c is a nonnegative constant. Suppose that h™(t) exists, and is an
rd-continuous function. Then

u(t) < e+ [ )l +h(s) / (e (r)AT]As  (2.27)

to

for all t € Ty implies
u(t) < e+ [ s+ [ (h(o(7))9(7)

+|hA ()] ftz |g(o’)|A0)ezf(T, tQ)AT)]%AS,t € [to, Bl NT, (2.28)

where

§ = supfteTo|d +v / (h(o())g(s)

to

() / 9(0)|A0)e” (5, t0) As > 0}.

REMARK 2.13. If we set T = R in Theorem 2.9, then we can obtain
Theorem 2.7 in [10] as a continuous version of Theorem 2.9.

REMARK 2.14. If we set T = Z in Theorem 2.9, then we can obtain
Theorem 2.4 in [12] as a discrete version of Theorem 2.9.

If we set k(t,s) = c(t)d(s) in Theorem 2.9, then we can obtain the
following integral inequality on time scales with a separable kernel from
Theorem 2.9. This is an unification of a continuous inequality in [10,
Corollary 2.8] and its corresponding discrete analogue in [12, Corollary
2.7].

COROLLARY 2.15. Suppose that u, f,h,g € Ciq(T,Ry),—f € RT,
and c is a nonnegative constant. Suppose that h™(t) exists, and is an
rd-continuous function for s,t € T with s < t. Then

u(t) <c+ t f(s)[u(s) + h(s) /ts g(T)u®(1)AT]As (2.29)
for t € Ty implies

u(t) < c—i—/t0 e_f((j,)to) [7

+ 7/5 q(T)er(T, to)AT)]%AS,t € [to, Bl NT, (2.30)

to
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where q(t) = h(a(t))g(t) + |h>(t) |ft s)As and

t
B =sup{t € Ty:c" + 7/ q(s)ezf(s,to)As > 0}.
to
If we set @« = 1 in Theorem 2.9, then we can obtain the following
corollary which is proved in Theorem 3.4[11].

COROLLARY 2.16. Let u, f € Ciq(T,Ry), and ¢ be a nonnegative
constant. Suppose that k(t,s) is defined as in Lemma 2.8 such that
k(o(t),t) and k™t(t,s) are rd-continuous functions for s,t € T with
s < t.

Then
ut) < e+ t: F(8)[u(s) + /t:k(s,T)u(T)AT]As (2.31)
for all t € Ty implies
u(t) < o[l + tf(s)ep(s,to)As], t € T, (2.32)
where p(t) = f(t) + k(o (t),t) + [, k! (t,5)As.

The proof of this corollary follows by the similar argument as in the
proof of Theorem 2.9. We omit the details.

REMARK 2.17. If we set p(t) = 0 in [19, Theorems 3.1 and 3.2], then
we easily obtain Pachpatte type inequalities of Theorems 3.1 and 3.2 in
[19] as a corollary of Theorem 2.9. Furthermore, if we set k(t, s) = d(s)
in Corollary 2.16, then we have

t
pO) = F0)+ K00+ [ B E9As
to
= f)+d(t).
Thus we also obtain Theorem 1 in [28] from Corollary 2.16.

Another variant of Theorem 2.9 is given by the following theorem. If
we use Lemma 2.3 in the proof of Theorem 2.9, then we can obtain the
following bound of w(t) which is different from Theorem 2.9.

THEOREM 2.18. Suppose that u, f € Cq(T,Ry),—f € RT, and ¢ is
a nonnegative constant. Let k(t,s) be defined as in Lemma 2.8. Then

t s
u(t) <c+ t f(s)[u(s)—}—/ E(s, T)u®(T)AT]As (2.33)

to
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for t € Ty implies
t s 1
t) < sl /tO F(5)( /to K5, IVAT)EY (5, ) As] 7 (234)

for t € [to, f] N'T where

B =sup{t € Ty:c" + 7/ f(s)(/S k(S,T)AT)ezf(S,tQ)AS > 0}.

to to

Proof. Define a function v(t) by the right hand side of (2.33). Then,
we have

A1) = fult) + £ / k(t, T)u® () A, v(to) =

< SOUO+ () [ HeEDAT @), T,

since u(t) < v(t) and v*(t) is nondecreasing in ¢. From Lemma 2.3, we

obtain
W) S il T [ IO ke AN o ) a8

for t € [to, 5] N T where

S

B =sup{t € Ty: " +'y/ Fis)( k(s,T)AT)ezf(s,to)As > 0}.

to to

Since u(t) < v(t), the proof is complete. O

If we set T = Z in Theorem 2.18, then we can obtain the following result
as a discrete version of Theorem 2.18. Let N(ng) = {ng,no+1, -+ ,no+
k,---}and N(no,l) = {no,no+1,--- ,no+k,--- 1} for fixed nonnegative
integers ng and [.

COROLLARY 2.19. Let u(n) and f(n) < 1 be nonnegative sequences
defined on N(ng) and k(n,m) be a nonnegative function for n,m € N(ng)
with n > m. Suppose that

n—1 s—1
u(n) <c+ Y f(s)[u(s)+ > k(s,7)u(r)],n € N(ng), ~ (2.35)

s=ng T=ng

where c is a positive constant. Then we have

2=

n—1 s—1
u(n) < elf[cuw2<f<s>ka))ezf(s)]

s=ng T=ng

(2.36)
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for n € N(ng, ) where e_s(n) = H;’;,llo(l — f(s)) and
n—1

B =sup{n € N(ng) : ¢’ + 7 Z (f(s) i k(s,T))ezf(s) > 0}.

s=ng T=ng

3. Examples

In this section, we use Lemma 2.3 and Theorem 2.9 in order to study
the qualitative analysis of nonlinear dynamic equations. Let tg € T and
consider the initial value problem

t
uB(t) = F(t,u(t), | K(t,s,u(s))As),t € T u(ty) = uo, (3.1)
to
where u € CL(T,R), F € Crq(TxRxR,R) and K € Crq(TXRxR,R). In
what follows, we shall assume that the IVP (3.1) has a unique solution,
which we denote by u(t).

EXAMPLE 3.1. Assume that the functions F' and K in (3.1) satisfy
the following conditions

(K (t,s,u)] < k(2 s)[ul?, (3.2)
[F(tu,v)| < a(t)(Jul + |v]), (3.3)
where two functions k and a are defined in Theorem 2.9. Then we have
boa(s)
u(t) < c+/ —
fu(t)] to e_a(s,to)[
+ ’Y/ q(T)eZa(T, to)AT)]%AS,t S [to,ﬂ] ﬂT, (34)
to

where q(t) = k(o(t),t) + [}, |k*(t, s)|As and

t
B =sup{t € Ty:c" + ’y/ q(s)e” (s, to)As > 0}.
to
If T = R, then we can obtain a bound for the solution of the initial
value problem by using the integral inequality of Bernoulli-type.

ExaMPLE 3.2. Consider the nonlinear differential equation with the
intial condition z(0)
, T ta?

= — t>0. 3.5
! 2+sinm+1+m2’ - (3.5)
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If 2(¢) is a solution of (3.5) satisfying x(0) = 1, then we have

et

3+ e¥(3 - 0]

|z(t)] < t€10,5), (3.6)

where

2 1
B = sup{t: 3 + e3t(§ —t) > 0}.

Proof. The initial value problem (3.5) is equivalent to the integral
equation

x(t):1—/0t“'<s)ds+/0ts"”4(‘°’)ds, t>0. (3.7)

2 + sinz(s) 14 22(s)
Putting u(t) = |z(t)|, we obtain
t t
u(t) <1 +/ u(s)ds +/ su'(s)ds, t > 0. (3.8)
0 0
When ug =1,a = 1,b(t) =t and a = 4 in Lemma 2.3, we obtain
t
e
u(t) < 7 T
[1—3 [, se3ds]s
ot

,t€[0,8),

=

Fen-o)
where

2 1
B =sup{t € Ry : §+e3t(§ —t) > 0}.
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