athematical
nequalities
& fapplications
Volume 14, Number 1 (2011), 79-92

SOME GENERALIZATIONS FOR OPIAL’S INEQUALITY
INVOLVING SEVERAL FUNCTIONS AND THEIR DERIVATIVES
OF ARBITRARY ORDER ON ARBITRARY TIME SCALES

BASAK KARPUZ AND UMUT MUTLU OZKAN

(Communicated by M. Bohner)

Abstract. In this paper, some various types of Opial’s inequality involving several functions and
their higher-order derivatives are presented on arbitrary time scales. The well-known Muirhead’s
inequality is employed to obtain very interesting results. While dealing with higher-order deriva-
tives, the generalized Taylor’s formula and the generalized polynomials are used to simplify our
proofs too. Our new results generalize and extend the existing results in the literature, and some
of the works done by Pachpatte. Moreover, our results are not only new for arbitrary time scales,
but also new for the continuous and the discrete cases.

1. Introduction

Opial type inequalities have many applications in the theories of differential and
difference equations, for instance such inequalities are used to prove existence of solu-
tions (see [1, § 2.27 and § 2.28]). The readers may find very interesting results about
continuous and discrete versions of Opial’s inequality in the book [1], which is a very
nice collection of the most popular articles on this subject. In this paper, we will study
Opial’s inequality on arbitrary time scales, which unifies and extends continuous and
discrete calculus (see [7]). The readers are referred to the book [3] for fundamen-
tals of the time scale theory. Thus, our results not only cover the continuous and
the discrete cases, but also cover and improve the new results on time scales in [4].
For some classical results on Opial’s inequality, the readers are referred to the articles
[2,5,6,8,9, 10, 12, 13, 14, 15]. In the literature, one can find so many results on the
continuous and/or the discrete cases. However, to the best of knowledge, [4] is the only
paper that succeeds to unify some of these results by the means of the time scale theory.
In this paper, after a long period of time, we succeed to extend, generalize and improve
most results of the papers stated above.

Now, we give some of the easiest versions of the Opial’s inequality as follows:
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THEOREM A. Continuous Opial’s inequality, see [1, 15] For f € Cli([a,b]r,R)
with f(a) =0, we have

b b
| lr@r @l <

with equality f(t) = c(t — a) for t € [a,b]r, where ¢ is a constant.

a [° 2
RUGRE

The discrete version of the above result due to Lasota reads as follows:

THEOREM B. Discrete Opial’s inequality, see [1, 9] For f be a sequence defined
on la, bz with f(a) =0, we have

b—1 b—1
g_‘, [F(E) + f(E+DIAF(E)] < (b-a) E_: [Af(©)]°

with equality f(t) = c(t —a) for t € [a,b]z, where c is a constant.

The time scale unification of the above two results due to Bohner and Kaymakcalan
is quoted below.

THEOREM C. Dynamic Opial’s inequality, see [4] For f € CL ([a,b],R) with
f(a) =0, we have

b A P 2
[ lr@+r@irtelag < e-a [ [P era

a
with equality f(t) = c(t —a) for t € [a,b]T, where c is a constant.

Some very interesting generalizations are given by Pachpatte, who works with
two functions in Opial type inequalities (see [1, 12, 13, 14]). We quote two important
generalizations of Pachpatte’s below. First, we give the continuous case.

THEOREM AA. See [1, 12] For f,g € C([a,b]g,R) with f(a) = g(a) =0, we
have

b -
[ lIr@s @l +ls@r@io <

with equality f(t) = g(t) = c(t — a) for t € |a,b]r, where c is a constant.

One can easily see that Theorem AA reduces to Theorem A by letting f = g.
And next, we give the following result which can be regarded as the discrete cor-
responding of Theorem AA.

THEOREM BB. See[l, 13, 14] For f,g two sequences defined for t € [a,b]z with
f(a) =g(a) =0, we have

lg[ms &)+ le(e+ nar@)] <2 g[[ &7+ [ag(®)]]
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with equality f(t) = g(t) = c(t — a) for t € |a,blz, where ¢ is a constant.

Letting f = g, one can see that Theorem BB reduces to Theorem B provided that f
is of fixed sign. In the case that f alternates in sign, the left-hand side of the inequality
in Theorem BB is not less than the left-hand side of the inequality in Theorem B, this
fact follows from the following simple inequality:

o+ B| < |a|+|B| foreo,p eR.

It is not hard to check that the inequality given above holds with equality provided that
at least one of o and  is O or they have same signs. This reason shows us why
Theorem BB reduces to Theorem B when f is of fixed sign.

The motivation of this paper comes from the works done by Pachpatte, we extend
and generalize his key idea to several functions and arbitrary time scales. Since the
dynamic unification of Theorem A and Theorem B is given in Theorem C, it is natural
to ask the question s it possible to give a dynamic generalization to Theorem AA and
Theorem BB?”. In this paper, we shall give the expected affirmative answer for the
question stated above with an important application of the generalized Taylor’s formula
on time scales. We not only generalize the results by Pachpatte, but also improve some
of the very important results about this subject. Unlike to the earlier results due to Pach-
patte, we will consider several functions instead of two, and their (Delta) derivatives of
higher-order.

Now, we state Muirhead’s inequality, which allows us to obtain new interesting
results.

THEOREM D. See [11, pp. 338] Let S" be the symmetry group of the set [1,n|y,
and A:=(0y,00,...,0,), B:=(B1,B2,-..,Bn) be two vectors with nonnegative entries
and E’j‘-zl oj > Z’j‘-:lﬁj forall ke [l,n—1]y and Yoy =X Bj, then it is said
that A majorizes B (we prefer the notation A B), and the following inequality is true:

n a n ﬁ
2 [ = 2 [,
nes" j=1 nes" j=1
where T; denotes the j-th component of the permutation T, and x; € Rg holds for all
jE [lﬂ’lh\].
One can easily see that for (2,0)>(1,1) Theorem D gives us the following well-

known inequality
x% —l—x% >2x1xp with  x1,xp > 0.

This inequality gives us the well-known inequality between arithmetic and geometric
means by letting y; :=2x% and y, :=2x3, i.e.,

1+
y }’2

) yiy2.

This paper is arranged as follows: in § 2, we give some preliminaries adapted from
[3]; in § 3, we start to state our main results on generalizations of Opial’s inequality,
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where we make a very nice application of the generalized Taylor’s formula on time
scales; in § 4, we consider weighted cases of the results in § 3; and finally in § 5, before
we close, we give some remarks about our results. Throughout the paper, for conve-
nience, the empty sum and the empty product are assumed to be 0 and 1, respectively,

ie.foro,feZ with f<a, 3 ,fi=0and [17_,f;=1.

2. Time scales essentials

Here, for completeness in the paper, we quote some definitions and results from
[3], which will be applied in our proofs.

DEFINITION 2.1. A time scale T is a nonempty closed subset of R.

DEFINITION 2.2. On an arbitrary time scale T, the forward jump operator o :
T — T is defined by o(¢) :=inf(¢,o0) for t € T, the backward jump operator p : T —
T is defined by p(¢) :=sup(—ee, ) for t € T, and the graininess function i : T — Ry
is defined by u(t) := o(t) —t for t € T. For convenience, we set inf@ := supT and
sup@ :=infT.

DEFINITION 2.3. Let 7 be a pointin T. If o(z) =t holds, then ¢ is called right-
dense, otherwise (o(r) > 1) it is called right-scattered. Similarly, if p(¢) =1t holds, then
t is called left-dense, a point which is not left-dense (p(¢) < 1) is called left-scattered.

DEFINITION 2.4. A function f: T — R is called rd-continuous provided that it is
continuous at right-dense points of T and its left-sided limits exists (finite) at left-dense
points of T. The set of rd-continuous functions is denoted by Cq(T,R), and C!,(T,R)
denotes the set of functions of which delta derivative belongs to Cr4(T,R).

Now, we give the following formula for differentiation of several functions.

THEOREM 2.1. (See [3, Exercise 1.22]) Let n € N and f; : T — R be differen-
tiable functions for j € [1,n]y, then we have

n A n ji—1 n
[Hfj(ﬁl = { [Jl_[ﬁ"(t)lf?(t)[ I ﬁ(t)” forteT.
j=1 j=1 i=1 i=j+1

THEOREM 2.2. (Existence of antiderivatives [3, Theorem 1.74]) Let f be a rd-
continuous function. Then f has an antiderivative F such that F* = f holds.

DEFINITION 2.5. If f € Cy(T,R) and a € T, then we define the integral by
!
Fl) = / FE)AE forreT.

THEOREM 2.3. ([3, Theorem 1.77]) Let f,g be rd-continuous functions, a,b,c €
T and o, € R. Then, the following statements are true:
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L J2 [oef(8)+Bs(E)]AE = o [2 F(E)AE + B [2 g(£)AE,

2. [V FE)AE =~ [} F(E)AE,

3. S FEAE = [} F(EAE + [ F(E)AE,

4.2 F(E)8M(E)AE = f(b)g(b) — f(a)g(a)— [ fA(E)g(0(E))AE.

Now, we give the definition of the generalized polynomials as follows:

n=0

1’
/Sthn_l(é,s)Aé, neN

n=20
/gn 1 Aé? neN

and

forall s, €T.
The readers can find very useful and interesting results on the generalized polyno-
mials in [3, § 1.6].

PROPERTY 2.1. Using induction it is easy to see that h,(t,s) = 0 holds for all
neN and s,t € T with t > s and (—1)"h,(t,s) > 0 holds for all n € N and s,t € T
with t < s. Moreover, hy(t,s) is increasing with respect to its first component for all
t>s.

The following result can be inferred from [3, Lemma 1.119].

LEMMA 2.1. For n € N and t € T, we have gy(t,s) =0 forall s € [p"~(¢),t].

The following result is found in [3, Theorem 1.112], which will be needed in our
proofs.

LEMMA 2.2. For n€N, t € T and s € T¥', we have hy(t,s) = (—1)"gu(s,1).

By Lemma 2.1 and Lemma 2.3, we can give the following result.

LEMMA 2.3. For n € N and t € T, we have hy(t,s) =0 for all s € [p"~(t),t]t.

Now, we quote the following well-known result.

THEOREM 2.4. (Taylor’s formula [3, Theorem 1.113]) Let n € N and f € Cl4(T,R)

. . . . -1
be an n times differentiable function. For s € T, we have

£ = Z hi(t, )~ (s) +/ 1. CENS (EAE forallt €T,
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Also, we need the following integral inequality.

LEMMA 2.4. (Holder’s inequality [3, Theorem 6.13]) Let a,b € T. For f,g €
Cu(T,R), we have

[ Ir@rs@lat < (/ab|f<5>|m¢)’l’ (/ab}g(’g')}qA§>;7

where p>1and 1/p+1/q=1.

3. Generalizations of Opial’s inequality on time scales

In this section, we give our generalized Opial’s inequalities, which also generalize
some of the important works done by Pachpatte.

THEOREM 3.1. Let n €N, a,b € T and f; € CL{(T,R) for all j € [1,n+ 1]y
with fi(a) =0 forall j € [1,n+ l]y. Then, the following inequality holds

/b n+1

with equality fj(t) = c(t —a) forall j € [1,n+ 1]y, where c is a constant.

6 A n+1 ' pn+1 A n+1
Hf 2@ | T1 s | ae < & +1 z|f AE (1)

i=j+1

Proof. The proof of this theorem can be done by following very similar steps to
that of the following one, and we skip it here. [

REMARK 3.1. Theorem 3.1 reduces to Theorem AA and Theorem BB by letting
n=1,T=R,and n=1, T =Z, respectively. Also, note that Theorem AA and The-
orem BB generalize Theorem A and Theorem B, respectively. Theorem 3.1 includes
Theorem C with n =1 and f; = f, for arbitrary time scales.

THEOREM 3.2. Let myn €N, a,b € T and f; € C}(T,R) with fj(a) =0 for all
€ [1,n+ 1]n. Then, the following inequality holds

b m n+1 i n+1 m=j n+1||j—1 n+1
[z [Hf;’ Hnﬁ ] > [Hﬁ’@]fﬂé)[nﬁ(a)} Ag
i=1 j=1|]i=1 i=j+1
b—a (n+1)(m+1)—1 n+1 (n+1)(m+1)
S e il AT I

2

with equality fi(t) = c(t —a) forall j € [1,n+ 1]n, where c is a constant.
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Proof. Set Fj(t) := [, |f#(§)|AE for ¢ € [a,b]r and all j € [1,n+ 1]y. Then, on
[a,b]r, we have F{* = |f*| and F; > |fj| for all j € [I,n+1]x. Now, set F(r) :=

]_["“F()forte[a bt . It follows that
b om | [ntl I sl m=j j—1 n+l
Lz le" ] [Hﬁ@] [ lﬁf@]f,@(é)[nlﬁ(é)} 8
a j= i i= i=j+

m | n+l i n+1 M=T e Jj—1 n+1
/Z[HF” @© ll’!Fi(é) IHHlF‘G me| 11 mo }
i= Jj= i= =it

-[[ S e rer e - [ [F(&)}("””] ¢
m+1  ntl m+1 1 ntl (n+1)(m+1)
=ro)" = [me)]" <5 X [me) ®

is true, where we have applied the arithmetic mean and geometric mean inequalities at
the last step. On the other hand, for j € [1,n+ 1]y, we have

(n+1)(m+1) (n+1)(m+1)
[Fj(b) (/ |17 |A’5>

b
<(b- a)(”H)(mH)*l/ ’fjA(&)|(n+l)(m+l)A§

“4)

by applying Holder’s inequality. Considering (4) in (3), we get (2).

On the other hand, by letting fj(¢) = c(t —a) for t € [a,b]T and all j € [1,n+ 1]y
for some constant ¢, one can easily see that (2) holds with equality. The proof is hence
completed. [

REMARK 3.2. Byletting n=1, T =R, Theorem 3.2 reduces to [12, Theorem 4],
which generalizes some results in [8]. To the best our knowledge, this result for T # R
is new.

THEOREM 3.3. Let £,n €N, a,b € T and f; € C4(T,R) with f¥ (a) =0 for all
€ [l,n+ 1]y andall i € [0,0),. Then, the following inequality holds

s

Jj=1

et ([ b ) 5 Firers)”

Jj—1 ; n+1
l[{fﬁ(é)} ,-A(é)[ I ﬁ-(&)] A&

i=j+1
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Proof. By the initial values, Lemma 2.3 and Taylor’s formula, we have
(t)= /athg,l(t,a(é))ff[(é)Aé forallz € [a,b]r and all j € [0,n+ 1]y.  (5)
Now, set
Fi(t) := /ut [ff”(g)} *AE foralls € [a,blp andall j € 0,1+ 1. ©6)

Then, from Property 2.1, Holder’s inequality and (5), we have

el ol i)

i=j+1

i—1 o .
) lJH [ hstot. 0@ @
i=1

1 Ja

l n+l
0 [ I1 [ heato@ns® <5>Aé”

i=j+1

1

<H<r>< e | T Fo ) a
i=1 i=j+1

forall j € [1,n+ 1]y, where

2

o(t) 2
H(t) = (/ [hg_l(a(z),a(g))] Aif) for all £ € [a, b]r. ®)

Integrating (7) from a to b and applying Holder’s inequality, we get

r

Jj—1 . n+l
[Hﬁc(i)]f? (5)[ I1 fi(f)} Ag
=1

i=j+1

b 2 10w [ n+l 3
<</ [H@)} Aé) (/ 1:[1F (&) |FME) ,-Z,QIE@ A&) .

Then, summing the resulting inequality over j € [1,n+ 1]y, we get

[t

lel ]f;\‘@)[ 11 ﬁ-(&)] A

i=j+1

én 1 j—1 n+1 %
<</b[H<f>]2A5> §</b [Tre @] f[le-(é) Aé)
“ Jj= a i= i=j+
1 J=1 n+1 3

Ag>7

[1E°(&)|FE)

< (/ﬂ" [H(g)rA5> 7 ((n+ 1&1/; ._1

[T 5

i=j+1
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:<<n+1>/a” [H<g>}2A§>5</ab l"ﬁF;(é)

1

A 2
Ag)

<< vk [H(é)]zAé) > [Fw)] ©

where the elementary inequalities

j
forall A; € R and j € [1,n+ 1]y

ntl ntl 2 ntl 2 1l e
AP < (n+1) ), 4, and | []JA] < 1 A7
j=1 =1 n+l:3

are employed while passing from the second step to the third one, and passing to the last
step, respectively. Obviously, from (6) and (8), we see that (9) is the desired inequality,
and the proof is hence completed. [

THEOREM 3.4. Let ,m,n €N, a,b €T and f; € Cly(T,R) with f¥(a) =0 for
all je[l,n+ 1]y and all i € [0,€)y. Then, the following inequality holds

b m
»

o £

ma1 b ol >\ :
<<n+1/u (/ [he1(0(8).0(0))] AC) A&)

(m+1)(n+1)
Zi (/ab[ j“@}zAé)

Ag

i=1 i=j+1

j—1 ‘ n+1
[Hff’(é)]ff <5>[_H fi@]

n+1 I Tt " | g1
_Hlff@] [_nlm] s
= i= Jj=

Proof. 1t is very easy to prove this theorem by following very similar steps to the
proofs of Theorem 3.2 and Theorem 3.3. [

4. Weighted cases

In this section, we give weighted cases of the results given in § 3.

THEOREM 4.1. Letn€N, a,b €T and f; € CL{(T,R) with f;(a)=0 forall j €
[1,n+ 1]y, and that p € Ciq(T,RT) with ff [p(é)]_l/nAﬁ <o and q € Cr(T,RJ)



88 B. KARPUZ AND U. M. OzZKAN

be a nonincreasing function. Then, the following inequality holds

"""1 n+1
[ le"(é)]f,-A(é)l 11 ﬁ(é)} 8
i=1

i=j+1

< (/b 1 lA€>n</bp(€)q“(€)n§|f4(§)l"+lA§>- v
e e : =
Proof. First, we set
F0) = [ [ @]FTEE,  then FA0) = [°0)] T |20)
for ¢ € [a,b]r and all j € [1,n+ 1]y. Then we have
F0) 2 g7 0) [ 112@1AE > 7 0)| [ 2E8E| > a1 0|10
e o e . Sl

It follows very similar to the proof of Theorem 3.2 that
b n+1
[re
a —
/b n+1 {
b oA
~ [ P@ag=Fo) = TF () <

LS e ;a}"ﬂ
— —1p qo' n+l A
mHLE e [pe) e

1 b 1 ! z b n+1
< .A5> 2{ P(&)q°(&)|f7 ()] +Aé}, (11)
"“</a p)] /A !

where we have applied Holder’s inequality in the last step. It is clear that (10) equal to
(11), and this completes the proof. [

n+1
ll‘[f, ] f(&)l I1 ff(é)] A
=1 i=j+1
n+1

I1 E&)

i=j+1

HF"

REMARK 4.1. Theorem 4.1 reduces to [12, Theorem 2] and [13, Theorem 2] by
letting n=1, T=R,and n =1, T = Z, respectively. Also Theorem 4.1 includes [4,
Theorem 4.1] with n =1 and f; = f» on arbitrary time scales provided that f; /7 >0
holds on [a,b]}.
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THEOREM 4.2. Let n €N, a,b € T and fj € CL(T,R) with fj(a) =0 for all

€ [I,n+ 1]y, and that p € Cyq(T,R") with f: [p(é)] L/ (mem) Aé < o and g €
Cu (T,Rg ) be a nonincreasing function. Then, the following inequality holds

[re3 ll_[lf ]j[’ﬁﬁ@)rj

j=0

Jj—1 n+1
[ f’(&)]ff(é)[ I1 fi(&)] A
i=1 i=j+1

(m+n)(m+l)l(n+l)

l b 1 m+n+
S +1</ 3 Aé)
n a m+n
[p(&)]™
(m+1)(n+1)

n+1 m+n+1
x ( /abp(é)q"(é)|ff(€)}m+"“Aé>

~.
I
_

Proof. Proof for this result can be obtained easily, so we prefer not to give it
here. [J

The following two weighted versions of Theorem 3.3 and Theorem 3.4 can be
obtained easily, and we omit the proofs.

THEOREM 4.3. Let {,n € N, a,b € T and f; € Cly(T,R) with [ (a) =0 for
all j € [1,n+1]y and all i € [0,0),, and that q € Ceq(T,R{). Then, the following
inequality holds

b n+1 Jj—1 . n+1
[y { [Hﬁ’@]f% <é>[ I fi(é)] }Aé
a j=1 { Li=1 i=j+1
L , @) > \" \?
<\ g [ 1a@F [ [a(o@).0(0)] ac | ac
n+1 a5t
S ([ el

REMARK 4.2. Theorem 4.3 reduces to [12, Theorem 5] by letting n =1, T =R,
which generalizes [6, Theorem 1]. To the best our knowledge, this result for T # R is
not stated in the literature yet.

THEOREM 4.4. Let {,m,n€N, a,b€ T and f; € C4(T,R) forall j € [1,n+1]y
with fjAl(a) =0 forall je[l,n+ 1]y and all i € [0,0),, and that q € Cxq(T,RT).
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Then, the following inequality holds

£ o] e
e e

i=j+1

o(& m-+n 1/2
<<’ZL/< P [ [t >a<c>>]2Ac> A&)
(m+1)(n+1)
x§< [er 5)

REMARK 4.3. Theorem 4.4 reduces to [12, Theorem 4] by letting n =1, T =R.
To the best our knowledge, this result for T # R is also new for the literature.

5. Final comments and remarks

Our results can be extended by the applying of Muirhead’s inequality stated in
Theorem D, for instance the result of Theorem 3.2 can be arranged as follows:

COROLLARY 5.1. In additions to assumptions of Theorem 3.2, suppose that there
exists (01,0, ...,y 1) such that Z;’ﬂ oj=n+1 and 21;21 oj >k forall k € [1,n]y,
then the right—hand side of (2) can be replaced by the following one

1 n+1 (x (mt1) n+1 j(m""l)
(n+1)! 2 Hl(b 9 / an, AL,
ﬂ65n+l j=

where S"1 is the set of all permutations of the set [1,n+ 1]y, and 7j stands for the
J-th component of the permutation .

Proof. By the second term in (3) and Muirhead’s inequality, we have

:|m+l ntl ]m+1

n+1 Z H[Fn’

T mesttl j=

n+1
I1 {F,(b)
j=1

ntl } j(m=+1)

n+l 2 H[F”J

Cmesttl j=

)

where (ay,0,...,0,+1)>(1,1,...,1). The rest of the proof is similar to that of Theo-
rem3.2. U
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REMARK 5.1. It is not hard to see that Corollary 5.1 reduces to Theorem 3.2 by

letting B; =1 forall j € [1,n+ 1]y.

COROLLARY 5.2. (See [12, Theorem 6] and [1, Theorem 2.14.4]) In additions to

assumptions of Theorem 3.2, suppose that there exists an integer k > 2 such that a +
j(b—a)/k € [a,b]r holds for j € [1,k— 1]y, then the right-hand side of (2) can be
replaced by the following smaller one

(m+1)(n+1)

1 b— (m+1)(n+1)—1 .p [ n+1
() TG —

Jj=1

Proof. In this case, we apply Theorem 3.2 on each one of the intervals [a+ j(b—

a)/k,a+ (j+1)(b—a)/k]r for j € [0,k — 1]y, , and then sum the resulting inequali-

ties.

O

REMARK 5.2. Our results in § 3 and § 4 can also be easily improved as done for

Theorem 3.1 by considering Corollary 5.1 and Corollary 5.2.

REMARK 5.3. Our results in § 3 and § 4 can be extended by applying Holder’s

inequality with different p values.

REMARK 5.4. Arbitrary functions can be inserted into the inequalities of Theo-

rem 4.3 and Theorem 4.4 to improve their results as in Theorem 4.1 and Theorem 4.2.
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