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Abstract
In the present paper, we extend Gamidov’s integral inequalities to
time scales. The obtained results can be used as tools in the study of
certain properties of dynamical equations on time scales.

1 Introduction

Integral inequalities play a fundamental role in development of the linear and
nonlinear differential, and integral equations theory, they present an impor-
tant tools in the study of the existence, uniqueness, boundedness, stability,
and other qualitative properties of solutions. Omne of the best known and
widely used is the so-called Gronwall-Bellman integral inequality. In view of
its important applications, many and various generalizations, extensions, and
variants have appeared in the literature, we can mention [1, 4, 5, 6, 8, 9, 10,
11, 13, 14, 15, 16, 17, 18, 19] and references cited therein.

Recently Hilger [12] introduced the theory of time scales in order to unify
continuous and discrete analysis. Many authors have extended some funda-
mental integral inequalities used in differential and integral equations theory
on time scales; for more detail about time scales, we refer readers to [2, 3, 14].

Bainov et al.[4] discussed the following inequality, known as Gamidov in-
equality

t T
u(t) < k+ /g(s)u(s)ds + /h(s)u(s)als7 (1)
0 0
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where k is a nonnegative constant and T is a positive real number.
Pachpatte [18] gave an extension of (1) as follows:

t T
u(t) < k+ /g(t, s)u(s)ds + /h(t, s)u(s)ds, (2)
0 0

where £ is a nonnegative constant and 7T is a positive real number.

Motivated by the above results, in the present paper, we extend Gamidov’s
integral inequalities to time scales. The obtained results can be used as tools
in the study of certain properties of dynamical equations on time scales.

2 Preliminaries

In this section, we recall without proof some fundamental definitions and re-
sults from the calculus on time scales; for more details about time scales, we
refer the reader to [7].

A time scale T is an arbitrary nonempty closed subset of R, where R is the
set of real numbers. The forward jump operator o on T is defined by o(t) :=
inf{seT:s>t} € T for all ¢t € T, C,q denotes the set of rd-continuous
functions and the set T* which is derived from time scale T as follows: if T
has a left-scattered maximum m, then T* = T — {m}, otherwise, T* = T.
The graininess function p for a time scale T is defined by p(t) = o(t) — ¢.
We say that a function f : T — R is regressive provided 1 + u(t) f (t) # 0,
t € T%. We denote by R the set of all regressive and rd-continuous functions
and RY = {feR:1+pu(t)f(t) >0}. We denote by [a,b]r the interval in
T which is defined by {t € T:a <t < b} where a and b are points in T with
a <b.

Definition 1. [7, Definition 1.10 | Assume f : T — R is a function and let
t € T%. Then we define f2 (t) to be the number (provided it erists) with
the property that given any € > 0 there is a neighborhood U of t (i.e., U =
(t—0,t+06)NT for some § > 0) such that

1 (0 () = F ()] = 2 @O0 () — 5] < o (t) — 5| forall s €U
We call f2 (t) the delta (or Hilger) derivative of f at t.

Lemma 2. [7, Theorem 1.117 ] Let a € T%, b € T and assume g : TxT" — R
is continuous at (t,t), where t € T* witht > a. Also assume that g™ (t,.) is rd-
continuous on [a, o (t)]. Suppose that for each ¢ > 0 there exists a neighborhood
U of t, independent of T € [a,0(t)], such that

|g(a(t),7’) —g(s,7) — gA(t, T)(o(t) — s)| <elo(t)—s| forallseU, (3)
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where g™ denotes the derivative of g with respect to the first variable. Then
t t
(1) g(t) := /f(t,T)AT implies g™ (t) = /fA(t,T)AT—F flo(t),t).

Lemma 3. [7, Comparison Theorem] Let u,b € Crq and a € RT. If
u® (t) <a(t)u(t)+b(t), forallteT
then
t
u(t) < ulto)eq(t, to) + /b(T)ea(t, o(T)Ar, forallteT.

to

Lemma 4. [18, Lemma 2 | Assume that a > 0, p > ¢ > 0 and p # 0, for any
& >0, we have

S

€5 a + 24¢s.

<
- P

a

h 1S

3 Main results

Theorem 5. Let u(t),f(t),h(t),q(t),w(t) € Cra(la,bly,RT) such that
h(t),h(t) are positive functions and g (t) is a nondecreasing function for all
t € [a,b]y. If the following inequality

t b

u(t) < £(1) + h(t) / g(s)u(s)As + / w(s)u(s)As (4)

a a

holds then u (t) has the following estimate

Tw(t L)t
u(t) < f(t) + h(t) | L (t) + eng(t,a) — ; ()
1— [w(t)eny(t,a)At

where
t

b
L(t):/g(T)f(T)ehg(tva(T))AT+ehg(t7a)/w(s)h_l(s)f(s)Asv (6)

a

b
provided [w(t)eny(t,a)At < 1.
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PROOF. Since h (t) is positive and monotonic nondecreasing, we can restate
(4) as follows

t b
u(t) < f(t) + ht) { / g(s)u(s)As + / w(s)h ™ (s)u(s)As (1)
Define a function z(t) by
t b
A(t) = / g(s)u(s)As + / w(s)h=1(s)u(s)As. (8)
Clearly z (t) is nonnegative, nondecreasing,
u(t) < f(t) + h(t)z(t), 9)
and
b
+(a) = / w(s)h~1(s)u(s)As (10)
Differentiating (8) with respect to ¢, we obtain
22(t) = g(t)ult) (11)
Substituting (9) into (11), we get
Z2(t) < g(6) () + h(t)g(t)=(1). (12)
According to Lemma 3, (12) gives
z(t) < z(a)epy(t,a) + /g(T)f(T)ehg(t,U(T))AT.
Using (10), and then (9) in the above inequality, we get
b
() < L(t) + eng(t, a) / w(s)=(s)As, (13)

where L (t) is given by (6).
b
Clearly [w(t)z(t)At is constant. Multiplying both sides of (13) by w(t), then
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integrating the resultant inequality with respect to ¢ from a to b, we obtain

b b b b
/w(t)z(t)At S/w(t)L(t)At + (/w(s)z(s)As) (/w(t)ehg(t,a)At> .

(14)
b
Since [w(t)eny(t, a)At < 1, from (14) we have
b

b Jw(t)L(t)At

/w(t)z(t)At < - . (15)

a 1— [w(t)eny(t,a)At
Combining (15), (13), and (9), we obtain the desired inequality. O

Corollary 6. Assume that all the assumptions of Theorem 5 are satisfied,
and let T =7Z. If the following inequality

t—1 b—1
u(t) < () + k(1)) _g(r)u(r) + Y w(s)u(s)

holds then u (t) has the following estimate

T2 1+ 5 () g (7] 5 w(s)L(s)
ult) < £ +h(o) | LGty + — = |
1= S I+ h ()9 ()]
where
L) =y ( I i+ hmgm]) 9()£(5)
s=a \7=s+1
s=t b—1
FTI0 4R 9] S weh ()56,
provided bgl (w(s)[[IZS 1+ h(1)g(1)]) <1, with h(t)g(t) # —1 for allt €

[a,b]r.
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Theorem 7. Let p,q,r,& € Rar such that p > q > 0, p>1r > 0. Assume that
all the assumptions of Theorem 5 are satisfied, furthermore

;fp/w(t)eggqppgh(t,a)At <1 (16)
If the following inequality
t b
W (0) £ 0+ ho) [olon(s)8s + [u(s)ur (s)as (17)

holds then u (t) has the following estimate

=

T al, (ha) fw(t)L(H)AL
» g 52 9%
u(t) < 4 f(t)+h(t) [ L(t) + pm— , o (18)
1—%5 P fw(t)e, g—p (ta)At
a 55 P gh
where
t
L) = [ (46750 + 5526 ) lr)ey ae (to()AT
a p
b
—1 rel=P LT
begunn (0) [l o) (67 16) + eF) o
(19)

PROOF. Since h (t) is positive and monotonic nondecreasing, we can restate
(17) as follows

¢ b
uP(t) < f(t) + h(t) (/g(s)uq(s)As + /w(s)h_l(s)uT(s)As) .

a a

Denoting by z (t)

2(t) = /g(s)uq(s)As Jr/w(s)h*l(s)ur(s)As. (20)
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Clearly z (t) is nonnegative, nondecreasing,

u(t) < {F(0) + h(t)=(6)} 7

and
b

z(a) = /w(s)hil(s)ur(s)As.

a

397

(21)

(22)

Differentiating (20) with respect to ¢, then using (21) in the resultant equality,

we obtain
2A(t) =gy (t)
<g(t) {F(t) + h(t)=(D)}7 .
Now, Applying Lemma 4 for (23) we get
A1) < 167 gOh(b)=(1) + (1677 F(1) + Z5167 ) g(0).
According to Lemma 3, we have

p (t,a)

Substituting (22) in (25), we obtain

t

#(t) S/ (%ﬁ%fﬁ) + %5%) g(r)e

b

Feqae,, (0 / w(s)h=1(s)u" () As.

(25)

(26)

Using (21) in (26), and then applying Lemma 4 for the resultant inequality,

we get

b
PE (t,a)/w(s)z(s)As,

(27)
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where L(¢) is defined by (19).
Now, multiplying both sides of (27) by w(t), then integrating the result with
respect to t over [a, b], we get

b b b
/w(t)z(t)At <zt /w(t)eq e (t,a)At /w(s)z(s)As
P pE 7 gh
b
+/w(t)L(t)At. (28)
From (16) and (28) we have
b b
Jw(t)L(t)At
/ w(t)= ()AL < — = . (29)
1755 P {w(t)egg%gh(t,a)At
P
Combining (29), (27), and (21), we get the desired result. O

Corollary 8. Assume that all the assumptions of Theorem 7 are satisfied,
and let T =7 . If the following inequality

t—1 b—1
uP(8) < F(8) + h(t)Y_g(r)ul(r) + Y w(s)u”

holds then u (t) has the following estimate

et Iz g[1+ e’ h(T)q(T) ws)L()
u(t) < § FO) +h(E) [ L)+ —=
1-56 7w T2z 14 267 nna(n)

s=a

where
t—1 T=t
L) =3 (26" £(s) + 5267 ) g(s) ( [T [1+ 2 )
s=a T=s5+1
+H[1+quh }Zw (o) (5657 7(0) + 5565,
provided %g%bz;:lw(s) | {1 + %ﬁ%h (T) g (7)} <1

and %g%h (1) g (1) # —1 for all t € [a,b]y.
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Theorem 9. Let u(t), f
tive function, and let g(t,s) be defined as in Lemma 2 such that g™ (t,s) >
(

(t),h(t), w(t) € Crq(la,bly,RT) with h(t) a posz-
t,s
for all t > s satisfying (3). Assume that

b

/ wt)er(t, )AL < 1. (30)
If the following inequality
t b
u(t) < f(t) + h(t)/g(t,s)u(s)As + /w(s)u(s)As (31)

holds then u (t) has the following estimate

eL(t,a)}w(t)Q(t)At
u(t) < f(t)+h(t) | Q) + - ) (32)
1-— fw er(t,a)At

where

and

+er(t, a)/w(s)h_l(s)f(s)As. (34)

a

PROOF. Since h (t) is positive and monotonic nondecreasing we can restate
(31) as follows
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Define a function z (t) by

¢ b
z(t) = /g(t,s)u(s)As —|—/w(s)h_1(s)u(s)As.

Clearly z (t) is nonnegative, nondecreasing,
u(t) < f(t) + h(t)z(t),

and
b

z(a) = /w(s)hil(s)u(s)As.

a

Differentiating (35) with respect to ¢ it yields

t

A0 = glou®) + [ o> (tsu(s)as

a

Substituting (36) into (38) we get

A1) <glo(t) ) (1) + / g™ (t5) f(s)As

T glo(t), Dh(t)=(t) + / G54 (1, $)h(5)2(3)As.

a
Since z (t) is monotonic nondecreasing, we can restate (38) as follows
¢

A1) < glo(t), 0 (1) + / G21(t, 5) F(3)As + L(1)=(1).

a

where L(t) is defined as in (33).
Applying Lemma 3 for (40), we obtain

z(t) <z(a)er(t,a)

a a

+/ (g(a(f)ﬁ)f(TH/gAt(ﬂ S)f(S)AS) er(t,o(r))AT.

(36)

(37)

(40)

(41)
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Now, substituting (37) in (41), then using (36) in the resultant inequality, we
get
b
z(t) < Q(t) + eL(t7a)/w(s)z(s)As, (42)
where Q(t) is defined by (34).

Now, multiplying both sides of (42) by w(t) then integrating the resultant
inequality with respect to t from a to b it yields

b b b b

/ w(t)=() At < / w(t) QWAL + / w(t)er(t, a)At / w(s)=(s) As.
a a a a (43)
From (30), (43) gives
b }w(t)Q(t)At
/w(t)z(t)At < 2 : (44)
a 1-— fw er(t,a)At
Combining (44), (42), and (36), we obtain the desired inequality. O

Corollary 10. Assume that all the assumptions of Theorem 9 are satisfied,
and let T =7 . If the following inequality

t—1 b—1
u(t) < f(8) +h(6)Y gt m)u(r) + Y _w(s)u(s)

holds then u (t) has the following estimate

[T 0+L(7)] & w(=)Q(s)
u(t) < f(t) +ht) | Q) + —== = ;
13 (w() T2 14 L))

s=a

where

L(t) = g(t + 1,t)h +Z (t+1,s) —g(t,s)) h(t),
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and

t—1

Q) =" Kg(TH T +Z (r+1,s) —g(r, s))f(s))

x H 1+ L(s +H1+L Zw

s=71+1

Provided bf (w(s) T2 1+ L(7)]) <1, and L(t) # —1 for all t € [a,b].

S=a

Theorem 11. Under the assumptions of Theorem 9, and let p,q,r,& € ]Rar
such that p > q >0, p>r > 0. Assume that

b

rett / (t)eo(t, a)At < 1. (45)
If the following inequality
¢ b
uP(t) < f(t) + h(t)/g(t, s)ul(s)As + /w(s)u’(s)As (46)

holds then u (t) has the following estimate

S=

L¢P eqlt, a)jb‘w(t)K(t)At
u(t) < S f(t)+h(t) | K(t) + < , (47)
173571]11) Jeo(t,a)At

where

L(t) = (465" () + 25267 ) 9o (1) 1)
+ [t (3657 1)+ 25163) A, (15)

t

Q) = 267 hit)g(o (1) 1) + 165" / gt s)h(s)As,  (49)

a
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and

t

b
K(t) = /L(T)eQ(t,a(T))AT—f—eQ(t,a)/w(s)hil(s) (gg%f(s) + p%f%> As.

(50)

PROOF. Since h (t) is positive and monotonic nondecreasing we can restate
(46) as follows

t b
uP(t) < f(t) + h(t) (/g(t,s)uq(s)As + /w(s)hl(s)ur(s)As)

a a

Denoting by z(t)

t b
z(t) = /g(t,s)uq(s)As —l—/w(s)h_l(s)uT(s)As (51)

It is clear that z (¢) is nonnegative, nondecreasing,

=

u(t) <{f() +h(t)z(t)}7, (52)

and
b

+(a) = / w(s)h=1(s)u" (s)As. (53)

a
Differentiating (51) with respect to ¢, then using (52) we get

t

A1) =glo (), yu(t) + / G0t s)u () As

a

<g(o (t), 1) (f(t) + h(t)=(t))

1S
—~
ot
S
~

+ / g2i(t,s) (f(s) + h(s)z(s)) 7 As. (55)
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Now, Applying Lemma 4 for (54) we obtain

A < (465 10 + 5167 ) 9o (1), 1)

t

4 [oMies) (365 10) + 103) A

a

+ %f%h(t)z(t)g(a (t),t) + %fT/gAt(t, s)h(s)z(s)As.

Since z(t) is monotonic nondecreasing, (55) can be restated

22(t) < L(t) + Q(t)=(t), (57)

where L(t) and Q(t) are defined by (48) and (49) respectively.
According to Lemma 3, (56) gives

t

2(t) < 2(a)eq(t,a) + / L(r)elt, o(r))Ar. (58)

a

Substituting (53) in (57), we obtain

t b
z(t) < /L(T)eQ(t,U(T))AT + eQ(t,a)/w(s)hfl(s)ur(s)As. (59)

Using (52) in (57), then applying Lemma 4 for the resultant inequality we get

b
2(t) < K(t) + 27 eqlt,a) / w(s)2(s)As, (60)

a

where K (t) is defined in (50).
Multiplying both sides of (59) by w(t), then integrating the resultant inequal-
ity with respect to ¢ over [a, by, we get

b b b b
/w(t)z(t)At < /w(t)K(t)At + (;érlﬁlj/w(t)eQ(t,a)At) /w(s)z(s)As.

a a a a

(61)
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From (45), (60) gives

b Jw(t)K (t)At
/w(t)z(t)At < — . (62)
a 1= 25" [w(t)eq(t, a) At

Combining (61), (59), and (52), we get the desired result. O

Corollary 12. Assume that all the assumptions of Theorem 11 are satisfied,
and let T =7Z. If the following inequality

t—1 b—1
uP () < f(8) +h(t)Y_g(t, m)ut(7) + Y w(s)u (s)

holds then u (t) has the following estimate

1
Le n:;m@(r)fiw(s)ms)) } ’

s=a

r—p b
=265 (ws) T30+

u(t) < {f(t) + h(t) (K(t) +

where
L) = (465" (1) + 25267 ) gt +1,8)
+ 3 ol + 1) — gt ) (2677 1) + B2 )
Q) = SEE ROt +1,0) + 17 (g(t + 1) — g(t,5)) h()
and
K@) =Y <L<s> 10 +Q(T)]>
s=a T=s5+1
s=t b—1
+ TT 1+ QN wls)h ™ (s) (567 1(s) + 25767 ).
Provided %f% bgl (w(s)[[IZS 1+ Q(1)]) <1, and Q(t) # —1 for all t €

[a,b]r.
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4 Applications

In this section, we present two applications of our results.

Consider the following dynamic equation on time scales
t

b
uP(t) = f(t) + h(t)/so (t,5,u(s)) As + /¢ (s, u(s)) At, (63)

a

where p > 1 is a constant, f,h : T — R are right-dense continuous functions
onT, o : TxT xR — R is a right-dense continuous function on T xT and
continuous on R, and ¢ : T x R — R is a right-dense continuous function on
T and continuous on R.

Proposition 13. Assume that
o (¢, 5, u(s))| <g(s) lu(s)|*
¥ (s, u(s))| <w(s) [u(s)]", (64)

where f,g,h,w and q,r satisfy the hypotheses of Theorem 7. If u(t) is any
solution of (63)-(64), then u (t) satisfies the following estimate

r—p b
FET g ap (ha)[w(tL(H)AL
- P h a
lu(t)] < { f(t) +h(t) | L(t) + ———L— . (65)
1= fwt)e, -p (ta)At
p qg —
a pE P gh

where L(t) is defined by (19).

PROOF. Let u(t) be a solution of (63), using the properties of modulus, we
obtain

t b
u(®)|” < If(t)th(t)\/Iw(L&U(S))IAS+/|¢(S,U(S))\AS- (66)

Using (64) and the assumptions imposed on f, g, h and w, we can restate (66)
as follows

t b
lu(®)|” < f(t) + h(t)/g(S) u(s)|" As + /w(S) u(s)[" At. (67)

Now, an application of Theorem 7 for (67) gives the estimate (65). O
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Proposition 14. Assume that

o (t,5,u(s))] <g(t, s) [u(s)|*
[ (s, u(s))] <w(s) |u(s)|" (68)

where f (t),g(t,s),h(t) andw (t) satisfy the hypotheses of Theorem 11. If u (t)
is any solution of (63) and (68), then u (t) satisfies the following estimate

lu(t)] <  £(&) + R(t) | K(t) + (69)

where L (t),Q (t) and K (t) are defined by (48)-(50) respectively.

PROOF. Let u (t) be a solution of (63), using the properties of modulus, we
obtain

t b
u(®)|” < If(t)\+|h(t)\/|<P(tvs,U(8))lA8+/Iw(&U(S))\A& (70)

Using (68) and the assumptions imposed on f, g, h and w, we can restate (70)
as follows

t b
lu(@®)” < f(t) + h(t)/g(tvs) u(s)|? As + /’w(s) lu(s)[" At. (71)
Now, an application of Theorem 11 for (71) gives the estimate (69). O
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