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ON HARDY’S INTEGRAL INEQUALITY™

James Adedayo Oguntuase and Emmanuel Oyeyemi Adeleke

Abstract. In this paper, transparent proofs of some Hardy-type integral in-
equalities were presented. These inequalities generalize some known results and
simplify the proofs of some existing results.

1. Introduction

In 1920 G. H. Hardy obtained the following result:

Theorem 1.1. (Hardy [5]) Ifp > 1, f(z) > 0, and

F(z) = /O " fbyt,

then + p p +

P
unless f = 0. The constant (ﬁ) is best possible.

This appeared in the paper [5] which subsequently formed the basis of
what is today known as Hardy’s inequality. This inequality, which was dis-
covered by Hardy [5] in the course of attempts to simplify the proofs then
known of Hilbert’s theorem:
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Theorem 1.2. (Hilbert) Ifp > 1,p' =p/(p—1) and

o0 +00
fP(z)dz < F, / 9" (y)dy < G,
0 0
then N N
/ / f(x)g(y) d.ﬁUdy< : m Fl/pGl/p”
0 0 T+y sin (7/p)

unless f =0 or g =0. The constant w/sin (7/p) is the best possible.

For further historical developments on Hardy’s inequality, we refer inter-
ested reader to [7, Chapter IX] and the references cited therein.

In view of the usefulness of this inequality in analysis and its applications,
it has received considerable attention in the past five decades and a number
of papers have appeared which deals with its various generalizations and
applications (see for instance [3, 8] and the references cited therein).

In particular, Hardy [6] in 1928 gave a generalized form of inequality
(1.1) when he showed that for any r # 1,p > 1 and any integrable function
f(z) >0 on (0,+00) for which

/w f@)ydt  for r>1,
F('CU) = 0+oo

/ f(t)dt for r <1,

hen
21.2) /0+OO T MFP(z)dr < (]7" f 1‘>P/0+0<> " [z f(2)]P du,

unless f = 0, where the constant is also best possible.

The objective of this paper is to further obtain generalizations of the
classical Hardy’s integral inequality which will be useful in applications by
using some elementary methods of analysis.

Throughout this paper, functions are assumed to be measurable, locally
integrable and the left hand sides of the inequalities exist if the right hand
sides exist.

2. Main results

The following theorems are the main results of the present paper.
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Theorem 2.1. Ifp>1,1/p+ 1/q =1,r>1 and f(x) >0 so that

1

A
for some X\ > 0. For any a € ( ) let

/ f(t) z € (0,400).
Then for b > a,

(2.1) /ab x"FP(x)dx < <r>\_p1)p/ab x” " fP(x)dx

Proof. Integrating the left hand side of inequality (2.1) by parts, we
have
xfr+1

/a DT (@)de = FP(2)

—-r+1 a
b .—r+1 1 T
—/a fr P (@) [f(;) . :52/ f(t)dt] da

Tl b b Tl f(.%')
— P _ Fp-l
—-r+1 (= ) /a —r -+ L (z)de

b x—r—&-l
t)dtd
+/a —r—f—l / f(t)dtdx

b—r—i—l
= Sle- /a —r+1pf< )P (a)de

b Pl
FP(z)dx.
" / ()
Using the fact that » > 1, F/(b) > 0 and Holder’s inequality, we have

b 1
/a x "FP(x) [1 g 1p] dz

b—r+1

b —-r
_ Fp(b)+/ Y pf(x)FP (@) de

—-r+1 r—1

b T
< [ pra@rr @)

= f 1 /ab [(xT)lfpx*Tf@:)] [(xr)f(lfp)prl(x)] do

<2 [ / o fp(a:)d:n] v [ / b:U_TFp(J:)da:} "
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If we invoke the condition that

we easily obtain

b 1 b p
/a:TFp(x))\dx < / x "FP(x) [1—1— 1] dx

Further simplification gives

1-1/q 1/p
|:/ab x—TFP(x)dx] < r)\_pl |:/abx—7’fp(x>dx:| .

From this, it follows that

/ab x "FP(x)dx < <T)\_pl>p/ab x” " fP(z)d.

This proves the theorem. [J

Remark 2.1. Observe that the case r = p, inequality (2.1) reduces to

b F p p b p
(e [

a x p— 1 a x
Theorem 2.2. Ifp>1,1/p+1/g=1,r>1 and f(x) > 0 so that

1
P >—>0

1
+7°—1 A

almost everywhere for some A > 0. For any a € (0,400), let
1 x
F(z):= x/ ft)dt, x € (0,400).
3

Then for b > a, we have

Ap
r—1

(2.3) / P (@) < ( )p / "o @) - f 2/ (2)de.
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Proof. Integrating the left hand side of inequality (2.3) by parts gives,

b b—r—l—l b T
—T P — FP Jad
/a x (x)dx v (b) —i—/a 1P (x)dx

— S
/a _i_i_lpr—l(x)f(m)dl‘Jr/a —i+1pr_1(x)f(g)dCE.

On further simplification and application of Holder’s inequality gives

tlbx’fm@ﬂ[l—__fll]dx

</ " @) | f@) - 1 (2)|do

r—1

b
__Pp m(p-1)/p.—7
L e

b
< p /x_T
“r—=11/,

Using the fact that

T

f@ =1 (3)|] [@) e erra@)] de
1/q

CROIGNISEES

1
LA

1
+7‘—1*)\

we have

b 1 b P
—T p - < —T p
/a x F(:U))\d:c_/ x "FP(x) [1—!—7“_1} dx

CROIGRIEEES

b
< P /:U_T
“r—11/,

From this, it follows that

1/q

Uabxrpp(w)dx] e < 7“)\—]31 Uabxr f(m)_f<1;>)pdx:| 1/p
Hence
[ () [+l -s G)f o

and the proof is complete. [
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Theorem 2.3. Ifp>1,1/p+1/g=1,r>1 and f(x) > 0 so that

p P '@

1
1+r—1_r—1 ft) = A

>0

almost everywhere for some X\ > 0. For any a € (0,+00), let

1 x
Fla) = o / F(t)g(t)dt,z < (0, +00).
Then for b > a, we have
b » [
(2.4) / xz "FP(x)dr < (r)\—pl> / x"g(x)P(x) dx.

Proof. Integration by parts yields,

b 2T+l b b+l
/$_TFp(x)dx - —7"+1Fp(z) _/ —r+1pr_1($)
g(z) 1 , @
X[ (@) {1@®)+=f (t)}/a f(t)g(t)dt] dz
—r+1 b 2
- —br+1Fp(b) _/a — @) (2)de
P P bartt o f(t) P
+/a ey (x)dx—/a e f(t)F (z)dz.

Using the fact that » > 1, F/(b) > 0 and Holder’s integral inequality, we
obtain

/a L) {1 e 1:,;1}/((5))] do

b—r+1

b P
— FP Fp-1
—— FP0) + / - pg(2)F ! (a)da

b T
< / e pgl) PP ()

r—1

2 [ erewn] [

__p /ab [($T)(p,1)/prrg(x)} [(xr)f(pfl)/PFp/Q(x)} dx
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Thus, using the assumption that

p 2 O >1oo

1+7’—1 P fit) — A

we have

b 1
“TEP(3)—d
/a ! (x)k !

IN

/ab z P x) [1 B —rp—i- 1 + —rp—i— 1 J;"l((lft))] de

- f : [ /a bx""g”(az)dag] 1/,, [ /a bx_’"Fp(:U)d:r] Uq.

On further simplification, we obtain

b 1-1/q Ap b 1/p
[/ x—TFp(x)dx] < p—] [/ x—rgp(g;)dx] .

[/abm—TFP(g:)dx] . < TA_pl [/abx—rgp(x)dx] l/p.

From this, it follows that

b P b
/ x"FP(x)dx < ( )\p1> / x” "gP(x)dx.
a r—= a

This completes the proof. [

Hence

Theorem 2.4. Letp > g > 0, > 0 and r > 1 be real numbers. Let f :
(0,400) — (0,400) be absolutely continuous and let g : [0,4+00) — [0, +00)
be integrable so that

1 f’(t) 1
1+7(7ﬂ_1)0¢ ) = X>0 a.e.
for some X > 0. For any a € (0,+00), let
/ ) x € (0,400).

Then for b > a, we have

b B p Ap p/q b ., gp/q(a;)
es) [ (32y)" [ g
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Proof. Integration by parts yields,

_ b
T r+1

’ p/q p/q bartp p/q—1
—rF d _ F o 7F _
/aw (@)de = ——7 (x)a /a S (z)

y [f(w)g(w) () _a;‘(’(x) () /” f(t)tg(ﬂ dt] d

xfoz a+1)

p—r+l b T (x)
_ p/a(p) _ P g p/q—1
—— FPa(p) /a S 1g @D (z)F (x)dz

b aTm p (=)
+/a —r+15af(:n)Fp Ux)dz.

Using the fact that » > 1, F/(b) > 0 and the application of Holder’s inequality
with indices p/q and p/(p — q) respectively, we have

/abx—’”FP/q(x) [1 — _T1+ —a g x J;/((tt))] da

-r

b—r+1 b T (ZL')
— p/q P9 p/q—1
—r 4 1F (b) + /a —r4+1 q f(afl) (SC)F (ZE)dﬂS

b p og(w)
< Z p/q—1
—/a —r+1q fle-1) () FPH () d

— ST i . /ab [(xr)(pq)/pxrﬂ(m)] [(xr‘)*(p*q)/qp(pfq)/q(x)] dx

a/p (p—a)/p
p 1 [0 v,
< =1 [/ x W(az)dm] [/ a7 FP(z)dx .

Using the condition that

1 't
4P wf()z

q(r—1) )

we easily see that

b b /
/ iL'_TFp/q(l')idl' S/ o FP () [1—1— " ! agx (t)} dx

a/p (p—a)/p
p 1 b . p/q( b .
< =D [/ x M(x}dw] [/ " FP(z)dx .
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On simplification, we obtain

1-(p—q)/p

[/aberp/q(x)dx] < Iq)(ril) [/abxrm<x)d$] a/p

That is

b q/p A\ b /9( q/p
[/a mTFP/Q(x)dx] < g(r Y [/a x’”M(x)dx]

From this, it follows that

b b p/q
— P A P _, gP(x)
/a x "FP(x)dx < (q o= 1)) ) x Fatw (x)dz,

and the proof is complete. [
Remark 2.2. If we set o = 1, then our result reduces to Lemma 1 in [2].

Theorem 2.5. Letp > g > 0, > 0 and r < 1 be real numbers. Let f :
(0, +00) — (0,400) be absolutely continuous and let g : [0,4+00) — [0, +00)
be integrable so that

1 "(t 1
P ‘”f()>A

a(r=1)"" f(1)
for some X\ > 0. For any b € (0,+00), let

>0 a.e.

b
Glz) = fal(m) /m / (t)tg(t) dt, € (0, +o0).

Then for 0 < a < b, we have

b p/a b p/q(x)
—r g/ p_p -9
(2.6) /a x”"FP(x)dx < (q i r)) /a x Fa—T/a(z) dx.

Proof. This is similar to the proof of Theorem 2.4. [
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Theorem 2.6. Letp > g > 0, > 0 and r > 1 be real numbers. Let f :
(0, +00) — (0,400) be absolutely continuous and let g : [0,4+00) — [0, +00)
be integrable so that

p 1 1 1
1+ = ax >—=>0 a.e
q(r=1) " f@t) — A
for some X\ > 0. For any a € (0,+00), let
F(r) = ——— :L'fa / f(t) z € (0,+00).

Then for b > a, we have

(2.7) /ab x"FP(x)dx < <T)\_pl>p/ab medx.

Proof. Using integration by parts, we obtain,

b 55‘“‘1 b x—r—i—l 2ol
[ = o) - THPF’H(@ [%(x)

(xfa 2{fa )+ azfeH(x }/f }

b~ r+1 b T g(x)
— P _ p—1
—— 1F (b) /a — 1pf(a_1) (x)FP~*(x)dx

b T b l,—r—i—l f/()
—i—/a T+1pr(a:)dx+/a 17 o )F (x)dx.

By Holder’s inequality and the fact that » > 1 and F'(b) > 0 we obtain

/aberp(x) [l N —rp+ 1 —rp+ 1 J;f/((i))] de

b

bfrJrl b
= LGP0+ [ S @ s

b —r
= _/a ST fg<<§:f)1> (@)F?™ (z)de

- i [ [ ] [ i s

[ ] " [
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From the assumption that

p 1 (@)

1+= ax >

q(r—1) [t

it is clear that

b b /
[ [mal -t tendBle

S

On further manipulation, we obtain

b . 1/p )\p b . gp(x) 1/p
[/Qx F/P(x)d:v} Sr—l[/am f(al)p(x)dx] .

It follows from this that

b A P b D
/a x "FP(x)dx < [r _pl] /a x_rf(j_l()?(x) dx.

This completes the proof. [
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