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HARDY TYPE INEQUALITIES
ON TIME SCALES

James A. Oguntuase

ABSTRACT. We obtain some new generalizations of Hardy type inequalities
involving several functions on time scales. Furthermore, some new multi-
dimensional Hardy—Knopp type inequalities on time scales are derived and
discussed.

1. Introduction

Hardy [4] in a note published in 1920 announced (without proof) that if p > 1
and f is a nonnegative p-integrable function on (0,00), then f is integrable over
the interval (0, z) for each positive x and that

(1.1) /Ooo (é /jf(t)dt)pd:c < (Z%Y’/Ooo (@) da.

Inequality (1)), which is usually called the classical Hardy inequality, was proved
in 1925 by Hardy in [5] (see also [6} [7]). Nowadays a well-known simple fact is
that (II)) can equivalently via the substitution f(z) = h(zl_%)z_%, be rewritten
in the form

(1.2) /OOO G /jh(t)dt)pi—x </O°ohp(x)d§,

and in this form it even holds with equality when p = 1. Observe that inequality
([T2) can easily be proved by using Jensen inequality and the Fubini theorem.

In a recent paper, Rehdk [12] pioneered the time scale version of Hardy in-
equality by obtaining the following result:

r Fo(x) \P p \P [
i e <X P
/a (U(ac)—a) Ax\(p—l) /a (@),
where p > 1, F(z) := foz f(t)At and f is a nonnegative function.
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In a recent paper, Ozkan and Yildirim [10] gave a time scale Hardy inequality
involving several functions as follows:

THEOREM 1.1. Let a > 0 and f1, fo,..., fn, n € Z4, be nonnegative integrable
functions. Define Fy,(x) = ﬁ f; fe@®At, k=1,2,...,n. Then

(1.3) /:o @i F,g(z)>p/nm < (%)p /:o (% éfk(z)>pr.

Furthermore, in the same paper [10] they also obtained the time scale Hardy—
Knopp type inequality as follows:

THEOREM 1.2. If u € Crq([a,b),R) is a nonnegative function such that the

delta integral ftb %Aaz erists as a finite number and the function v is
defined by

[
u(t) = (¢ )/t e e el

If ¢ : (¢,d) — R is continuous and convez, where c,d € R, then the inequality

[v@o(sm—s [ 080) 2 < [Cowmotran AL,

which holds for all delta integrable functions f € Crq([a,b),R) such that f(x) € (¢, d).

In 2009, Ozkan and Yildirim [11] further obtained a generalization of Hardy—
Knopp type inequality for several functions and also derived the Hardy—Knopp type
inequality with a general kernel.

The aim of this paper is to obtain some new generalizations of Hardy type
inequalities involving several functions and also some new multidimensional Hardy—
Knopp type inequalities on time scales.

First we recall some basic concepts used in this paper and also refer interested
reader to the books [2} 3] for a detailed theory of time scales. A time scale is an
arbitrary nonempty closed subset of the real numbers R.

DEFINITION 1.1. Let T be a time scale. For ¢t € T, we define the forward jump
operator o : T — T by o(t) = inf{s € T : s > ¢t} for all ¢ € T, while the backward
jump operator p: T — T is defined by p(t) = sup{s € T:s <t} forallt € T.

The point ¢ is said to be right-scattered if o(t) > ¢, respectively left-scatted
if p(t) < t. Points that are right-scattered and left-scattered at the same time
are called isolated. The point ¢ is called right-dense if ¢ < supT and o(¢t) = t,
respectively left-dense if ¢ > inf T and p(¢) = ¢. Finally, the graininess function
T —[0,00) is defined by u(t) = o(t) —t for allt € T.

A mapping f: T — R is said to be rd-continuous if

(i) f is continuous at each right-dense point or maximal point of T;
(ii) at each left-dense point ¢ € T, lim,_,;— g(s) = g(¢t~) exists.
The set of all rd-continuous functions from T — R is usually denoted by C,.4(T,R).



HARDY TYPE INEQUALITIES ON TIME SCALES 221

2. Hardy integral inequality for several functions on time scales

In this section, we obtain generalization of Theorem [[LT. Before we give our
results in this section, we make the following remark.

REMARK 2.1. Observe that inequality (I3]) follows directly by using the time
scale Hardy inequality (see [12])

(2.1) /:o (ﬁ /:(x)f(t)At)prg (]%)”/j () Az

and the Arithmetic-Geometric Mean inequality

(1T 7o) el -+ [ (3

k=1

Ix (t)) At.

REMARK 2.2. If a =0, T=R and o(t) =t,t € T (i.e., t is right dense), we
obtain the classical Hardy inequality (LTI

Our first result reads:

THEOREM 2.1. Let a > 0, p # 1 and n € Z4. Let {ar}32, be a positive
sequence such that > ro oy = 1 and {fi}3, be a sequence of nonnegative delta
integrable functions and let

o(x)
Fk(x):/ FOAL k=1,2,....

Then the inequality

[e )

e ["(Hlem—amel”) < Gy [ (Gmne) »

k=1

holds if and only if p > 1. If, in addition, ( ) 50 ast— 00, then the constant is
sharp.

REMARK 2.3. By letting p > 1 and

1k k=1,2,....n
T k>n+l,

we obtain Theorem 4.1 of Ozkan and Yildirim [10] (i.e., inequality (3))).

ProOF. First, assume that p > 1. Then by using a more general arithmetic—
geometric mean inequality (see [9])

(oo} oo
[T @) <> ongula
k=1 k=1

we easily obtain that

(2.3) (ﬁ[FMk ) (Zaka ):(/Oa(x)(iakfk(t))m)p.

k=1 k=1



222 OGUNTUASE

By using the time scale Hardy inequality (ZI) with the functions Y2 ax fi(t)
and inequality (23]), then inequality (Z2)) is proved. The constant in the inequality
is sharp since by applying it with fx(t) = f(¢), ¥ = 1,2,..., and the fact that
@ — 0 as t — oo yields inequality (ZI)). It is known that the constant in this

inequality is sharp if @ — 0 ast — oo (see [12]).

Now, let 0 < p < 1. Then (Z3) still holds. But then (Z2) cannot hold in
general since by applying it with fix(z) = f(x), k = 1,2,..., it reduces to the
inequality

/:o (ﬁ /:(m) f(t)At)pr < (%)p/:o P ()Az

but it is well known that this is not true. In fact, it just holds in the reversed
direction. The proof is complete. Il

REMARK 2.4. For p < 0 it is known that (1)) still holds but now (Z3) holds
in the reversed direction so our proof above does not work so we leave it as an open
question whether ([22]) holds in this case or not.

Next, we give the following multidimensional weighted version of Theorem 211
In what follows we use bold letters to denote the n-tuples of real numbers, e.g.,
X = (@1, ...,2p) Or t = (t1,...,tn), At = (Aty...At;). In particular, we set
x=(21,...,2,) ER" and t = (¢1,...,t,) € R™.

THEOREM 2.2. Letp >0, p#1, m# 1 andn € Z;. Let {a}72, be a positive
sequence such that Y ;o op = 1 and {fx}32, be a sequence of delta integrable
functions on [a,b], 0 < b < oo, and let

(21) o(@n)
Fk(X):/ / fk(t)Atl...Atn, k’=1,2,....
al a

n

Then the inequality

/ab o /bn ﬁ("(””i) —a) " (ﬁ[Fzé’(x)]“k)prl ... Az,

ani=1 k=1
n b1 by T R R
<) [ ). H[l(ﬂéj_ﬁff)] (;“kfk(x))

X H(o(mi) —a;))P"" Az . Ay,

=1

p

np

holds if and only if p > 1 and the constant (=£<)"" is sharp.

PrROOF. We just use Theorem 3.1 in [8] instead of the time scale Hardy’s
inequality (Z.I)) and the proof is similar to the proof of Theorem 211 We omit the
details. 0

REMARK 2.5. For the case n = 1, if we set m = p > 1, then the result in
Theorem coincides with that in Theorem 211
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REMARK 2.6. In Theorem 22 if we let a; = 0,i=1,2,...,n and let the point
t be right-dense (i.e., o(t) = t), then we obtain Theorem 2.2 in [9].

If under the same assumptions of Theorem[2.2] if we set b; = 00,71 =1,2,...,n,
then we obtain the following result.

COROLLARY 2.1. Letp > 0, p # 1, m # 1 and n € Zy. Let {og}2, be
a positive sequence such that > ro, a, = 1 and {fi}72, be a sequence of delta
integrable functions on [a,b], 0 < b < oo, and let

(11) U(mn)
Fk(X):/ / fk(t)Atl...Atn, k/’:1,2,....

ay Qn

Then the inequality

(2.4) /(:O . /aoo ﬁ(a(xz) —a;) " (ﬁ [F,;’(x)]a’“)pA:cl Ay,

noi=1 k=1
p np [ oo s p n
< ( ) / e / (Z akfk(x)) H(a(xl) —a;)P " Az ... Az,
m =1 @ an \p=1 i=1
holds if and only if p > 1 and the constant (%)W is sharp.

PROOF. The proof follows directly from the proof of Theorem and so the
details are omitted. O

REMARK 2.7. By setting a; =0, i = 1,...,n, then inequality (Z4]) yields

[ [ et (T oo ) sa e,
s (Imli 1|>”p /OOO "'/OOO (gakfk(x))pf[(a(wi))p_mAxl...Axn.

i=1

3. Multidimensional Hardy—Knopp type inequality on time scale

Throughout this section, we assume that (2, M, ua) and (A, £, A\a) are two
time scale measures. Let U C R™ be a closed convex set, ¢ € C(U,R) is convex
such that f(A) C U. In particular, we take

O=A= [al,bl)-ﬂ- X [al,bl)TX oo X [al,bl)qy,()gai<bi§oo

foralli=1,2,...,n, where T is a time scale.

Before we we state our main results in this section, we recall Jensen’s inequality
and Fubini’s theorem on time scales which will be used in the proofs of our main
results:

LEMMA 3.1 (Jensen’s Inequality). [2] Theorem 6.17] Let a,b € T and ¢,d € R.
If g : [a,b] = (c,d) is rd-continuous and ¢ : (¢,d) — R is continuous and convez,
then

(3.1 o5 [ o0s0) < 7 [ owman,
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LeEMMA 3.2 (Fubini Theorem). [I Theorem 1.1] If f : QxA — R is a pa X Aa-
integmble functions and if we define the function ¢ = fQ f(z,y)Ax for a.e. y € A
and Y(z) = fA x,y)Ay for a.e. y € Q, then ¢ is Aa-integrable on A, ¢ is
LA - mtegmble on 2 and

(3.2) /Q Az /A F (@) Ay = /A Ay /Q f(z,y)Aa

Our first result in this section reads:

THEOREM 3.1. Let u : Q — Ry be a nonnegative function such that the delta

integral
R u(x)
Azy ... Azy,
/ tn Hz (@i = ai)(o(x;) — a;) !

erists as a ﬁmte number and the function v be given by

Y ET s
(3.3) v(t) az/ ey ey A A, ticlanb).

If U C R™ is a closed convex set such that the function ¢ : U — R is convex
and continuous, then the inequality

(3.4) /bl / < ((1%)_ )/:(xl).../a:(xn)f(t)Atl...Atn>

o Azq .. A:cn /b1 / X)) Azy... Az,
H?llﬂz* a;) (1 —a1) ... (zn —an)’

holds for all delta integrable functions f : A — R™ such that f(A) C U.

REMARK 3.1. If ¢ is concave, then (34) holds in the reverse direction.

ProOF. By application of Jensen’s inequality (31)) and Fubini theorem (3:2))
on time scales, we find that

[ [0 /”““’ [ s s B
by bn a(azl zn) u(x)Azxy ... Az,
/a' / (/ / Ak At”) H?=1<(ximai><a<i>ai>

1 bn, by n
/ / ( ux)Azs .. Ay )Atl...Atn
an [Tie (o(x) — ai)(zi — ai)

[
/ - b #IE) /() | /() (et ety ) At
[

1 b
7 st Aty ... At,

(tl 70,1)...(tn7an).
The proof is complete. O
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EXAMPLE 3.1. If we set the weight function u(x) = 1 in Theorem B1] then the

weight function (B3) yields

(3.

’U(t)— H (17 7(1’) if b; < o0
)1 if b; = 0o

Hence, inequality (34)) in this setting for the case b; < oo reads

2 / : / ¢<Hz;l<a<lxi> e /() - /:(m f&)Ah .. At”)

Azy... Az,
H?:1(Ii —ai)

A A (e e ey

1

X

while the case b; = oo yields

[ a7 s an)

Az ... Az,
[[is, (i — a;)

<[ iniljfb(f(x))@l ]

REMARK 3.2. If we set n = 1, then Example 3] coincides with Corollary 2.1

X

n [10]. Also, in the special case n = 2, inequality (B3] reduces to Theorem 3.2 in
[10].

10.
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